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1 t THp Partial Prft$&-jfe o? a Gas 

The chemical and physiological actions of a j:us depend upon 
(he pressure it fieri s the pressure which any one ^,is eyerts 
whethe* it is idone Ml muted wdh other pm», is the partinf 
titivMrn of (he jpre The partial prevail re of a g.is b usually 
denoted by the small letter p pieced* us [he symbol For the gas: 
thus ,fp(Jj rcpicscnts the partial pressure of Kcs.pir.alur) 

physiologist denote a pan ml pressure by the capital letter P 
followed by the symbol as n subscript; thus P, , is for [hem the 
pallid pressure u? msce*i. Since lliis book will he used b\ pei 
ions study,true resp.ir.dory physiology. this systemo! symbol ■* will 
be uccil 

I he partial pressure of a g*s depends only on the number 
uf moles of (-•- •- in n given volume and. on :he temperature 11 is 
independent of the piesence of olhei gj.se> in the same volume 
This fact b represented by the perfect gas equation w hich, when 
applied to mygcri i> 

Po, - N^RTfK UT 

In this equation V,., represents (he number of rmiks uf oxygen 
in ibt volume I the quantity K is the pis constant which is The 
stone for all gases;. ~<nd T is the absolute temperature 

The total pressure everted by a gas mixture such as utmus- 
PIhtil: im is the simple ,triihfnchc.il sum of (he partial piessunes 
of the g;ises iiuktiig up ihe mivtuie. Barometric pressure 'f\ i 
is Therefore I he cum of the purl i id pressures of oxygen. carbon 
dioxide, irnl nitrogen of the iiir. This fact is represented by the 
rquntion 

Pa-ftw* + *•», + 1 - I 

Since the partial pressures of the cwnpoaent ptses in m mixture 
.Lie proportional to [|ie number of moles nf gas present, [lie 
equations 

?<**•* N ilM R7\r O) 

iirtd 


f\, - \^Tl t 
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can he Vmllcn. Bafomeths pressure is equal to the sum of 
equation* llu *1, and |4I 

t*» - iNo, 4 V.,* * Af„, i WiV . i5l 

Dividing equation l H hy equation (?|, we have 

?*--—> M . i® 

P* ^ii, + -V-M ■*■ 

fhds cquflflkwi atatts ih.-n The nun) of the partial pressure of 
my gen Ln the huitimefric pressure is equal k> ihc ratio <*f the 
number <W mules of oxyqeh lu the lol.il number iif rooks of jJlis. 
The tiuhl hand term in the equation represents (he fraction of 
my gen in ihc gas mixture The equation can he written .o 

f* - fVfrutiron of O; moks m air i - f\i f :h », tTn 

Lqual volumes of iius contain equal numbers of moles. and eon 
sequent Ip the fraction of gas hy volume is also equal lo the 
fraction ul' y;i.s hy mules. The fwetion of a gas hy volume is the 
pei cent age divided hy I * Wi I bus ihc h action of ox y pert in a gas 
nurture equals ' i O ICH.I 3Mrert this is subsumed in equation O 
the equal ion becomes 

Po,-^n1*O r WIIIO. (Hi 

Equations for ihc partinI pressures of itfheT gases can he written 

P-,h= IVI*CO*VHW. <9| 

anti 

P, ( »P fl lHN t J/L» t 1lO> 

Repealed analysis of air has shown tlud its percentage 
somposiiKMi is 

- 20.93, 

SCO, - 0 03, 

and 

*?fN, - 79.04, 

If the hammeiric pressure is known, the partial pressure of the 
jMses can he calculated 

Example 1 If the baiumcmi pressure of Jtv air is ^ni 
H im llg. whai ,jy the partial pressures of ok ygen. carbon 
dioxide. ami nitrogen? 

( ?N0 mm HgiiM 9l ( |i*l I w mm Mg. 

I' .* iTiSO mm Mgnn.(M* lilt 0 .2 min Hit, 

and 

f\. i7(»nim HbKWWmUKI Ml mm Hf 






1.2 Compel si Iron of Alveolar Ait 

I he partial pressure li-I a gas may he determined by chemical 
m phvMc.il mean-' When chcffiKol means are used, percentage 
composilkm ol the £as by volume is immured, and partial pres 
sure* are enkuhted from the percentages and l he barometric 
pressure Individual gas specks have physical properties upon 
which imMsificiiicrti of their parri-ii pressure is based, Cur bon 
dioxide absorbs infrared radiation. and a carbon dioxide iwier 
which measure', the decree of absurphoo «f ;j beam of infrared 
radial ion passing Through [he gas sample gives a meler tending 
which is a function of ihc carbon dioxide partial press uec in the 
sample < Wnscqnenlly, ihc rtveief can be calibrated with vampleii 
of carbon dioxide having a known pressure, and the nietei read 
irijc cult he convened into partial pressure reading hi a similar 
manner, meters which measure rhe partial pressure ofoxyitefi by 
menus of its paramagnetic properiv or of ml mean h> means of 
the Ityiht it emits m .m electric held under high vacuum have 
been cum true led VV hen Ihc pstrii.d pressure i“ krwwn and it is 
decried lo calculate the percentage or fractional composition 
of ihc gas, equation* similar to (”i arc used, and ihc known 
partial pressure and barometric pres sure arc substituted in l hem, 
ilitis allowiuie the unknown fraction to he calculated. 

1 2 Composition or Alveolar Air 

\ir breathed in during msptratKin ibe inspired air ituxtv with 
gas already present in the trachea, the bronchi, and the finer sub¬ 
division* of the lungs Some of Hus mixture is drawn into the 
expanding alveoli where it comes into contact with the lutie 
cap 1 1 Lines carry me venous hkiod This gas mixture in the alveola? 
spaces rs filled iilrt"t*fur nrr. I'TfJrti it sufflf oO gCII passes mTO 

ihc blood, and into it some mibon dioxide is released by the 
bkxxl Upon expiration, some of the alveolar air is forced nut of 
the alveoli into the bronchi and trachea where it mixes with gas 
present tn the*c passages, and ihc mixture is breathed out 
expired air. 

t nder steads state conditions tidal flow of gas lEitu and 
uut «r alvcobtt spaces maintains constancy of the composition 
of alveolar air. Un the average. just as much oxygen comes into 
the alveolar air from inspired air as is removed from alveolae 
air by ihc blood, and as much carbon dioxide is cupued as is 
delivered into alveolar air by the blood. 

Alveolar an coolants the three cases of insured ait- 
oxygerv carbon dioxide, and nitrogen. but it is also saturated 
with water vapor which evaporate* from ihc surfaces of the 
tissues. "Water vapor is a icas which exerl-i a partial pressure in 
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the '■ame manner a* any otheT Hm*fver, the pudwl pressure 
of writer vupcw in a mixture which is salum!^ J ■aiili -I w u function 
Of the temperature only, h is independent of ihc pressure of 
the other g.i\ts und of the hammelrie pressure. Al normal hotly 
temperature of 37“ C the pud in I pressure nf water vapor is 
47 mm Hg 

The total pressure of in alveolar .or is the same .*<• 
harwnetrk pressure Since 47 mm Hg of that pressure is Petes 
vaitly taken up fe> watw sapor. Ihc pressure of Hie other $as«x. 
ihc dry saws + is the hiironwtne pressure minus 47 mm Hu W hen 
alveolar air is collected and analysed, by chemical means. us 
coriiposiiiiHi is reported in terms of percentice of oxygen ami 
cwhon dioxide in dry gas. or in pa minus water vapor. The actual 
iMiTi.il press li ic uf one uf ilie gases in alvcolm air is therefore 
calculated by multiplying the fraction of gas in dry air by the 
barometric pressure minus 47 rnm Hg 

Example 2. haroincint. pressure is "45 mm Hg A sample 
of alveolar air is collected and analysed- Carbon dioxide und 
oxygen percentages are 5 .ft and (4 ft. respectively Whai are 
the partial pressures of the cases in aKcOtar air? 

Pm, - 1713 47 mm HgM5.fi < 100 - 351.1 mm Hg. 

f\„ - s745 47 mm Hg M4.*l; m m.} mm Hg. 

hi nurmaJ man attest amf hr eat hide quietly, the respifaloiy 
mechanism miiinlams the P of alveolw air at about 40 mm Hg 
\s ihc metabolic produxiion of carbon dioxide rise, from the 
resting value of about 2 vi , c a minute to abfMH 2.5DO ev a minute 
at (oiicd in heavv exercise, alveolar ventilation fiscs in exuci 
proportion. COnsdiiicnily. over this whic range of carbon dioxide 
prod licE ton the f\^ r of alveolar an remains constant al nearly 
4b mm He t unstaney ofalvcuLu is dbdurhedwhen alveolar 
vemil.it ion increases or decreases out of proportion to the vine 
of caihoti dioxide production Hyperventilation occurs irt man 
at resi when there r> mi UfgCiTT demand fur oxyyen, as m high 
altitude hypoxia; when there «re reflex or cenlral nervous stimuli 
increasing vcniiLtiion as ■ rr pum. high body tempcraiuie, h> slcria, 
or salicylate inroxtcaiton of when ihcre ix a dem.mil fur respira- 
tor> compensation for meubaik ucitlosts. then alveolar P 
Falls below 4n nun I (g Hypoverttilahim ivvuis when the respira¬ 
tors apparatus is urublc for any reason lit punnie ade*.|y,ilc 
riHeobr vcniiiathHiL ihcti alveoLr i\ , u rises above 40 mm Hg 
In u man .it rest not sufTcnmj from hypoxia, the P . of 
alveolar air is not regulated wnh Ihc s-irne degree of pievmun 
as the /*, 11 ,j. I be P„ ( of alveolar .or in a normal man il sett level 










t 3 Carnage pi 0- 


is about tfltl inm Mg Hyperventilation mixes She alveolar r„ t 
and when r^im air is breathed, the tippet limit of alveolar Put 
is about l-H> mm Me. tlypinenliLiljon lowers alveolar f\.. 

I 3 Carnage ot Gayq^n in ihe Blood 

hen the partial pressure of oxygen is different hi iwu pails of a 
s', view, m Ui flu* km ptftdknl exists, and the gas. diffuses from the 
plate where its partial picture is fnuh lu that where ii is |nw. 
If the system is lefs undisturbed. the partial pressure of dIic gas 
become* ihe *ume in sill pari* of the system. Then ■■ diffusion 
cfadicnl rw longer exists. and (lie system is in equilibrium with 
respect io ihe parted pressure of the p.is t l he rale at w-bicii the 
itai diffuses depends m pun on the deepness of ihe diffusion 
cr.idieni, ansi the ims diffuses faster, ihe greater the difference in 
partial pressure between ihe l wo purls of Ihe svslem. The rate 
at which the mas diffuses also depends upon the nature of the 
harrier between the parts of the system If mere is no harrier,, ihe 
mas diffuses rapidly, and equilibrium h cguicMy reached In ihe 
lung-., the alveolar itwribrane separating alveolar air from Mood 
is a burner to diffusion of oxygen, because oxygen is relatively 
poorly soluble in ihe water which forms ihe aqueous phase of 
ihe membrane. 

Oxygen diffuses from alveolar air into blood. because 
venous blood flow ms through ihe lungs fu*. eveepi in unusual 
experimental circumstances a f., lower than ihal of alveolar 
nir Diffusion of ox> gen into venous hhmd converts j| into arlerial 
blood Blood flows rapidly through Lhc lungs; when a man is nl 
resl a single erythrocyte pa^re^ through lung capillaries m about 
D.T* second; and when the nun is exercising. ihe lime i* only 
N.3 second Because the alveolar membrane tv a burner in ditto 
sinn nf oxygen blond passing through ihe lungs never quite 
Ciitncs into cquilibi min with alveolar an. and lh< ^l, of Mood 
leaving the capillaries of any purlkruhu alveolus is always 
slightly lower than Ihe P ii* of ihe air in ihe alveolus In nomul 
circumstances this difference is probably mxl greater llc.nl I mni 
3 |g However artetul blood in systemic arteries of a man at rest 
has a , about 5 to 10 nun Hg lowet ihan the t’., r of alveolar air 
Anatomical churning of vcrum* blood from the right vemmcle 
in the left ventricle account* for part nf this difference, and 
regional variations in ihe relation id vanlilalion of alveoli lothe 
perftision of them in venous blood account for the reel (n severe 
exercise the difference betw een dvcofl.ir and arterial t\ H increases 
m about I ft mm Hg. and in diseased stales the difference may be 
even la/gel 
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Oxygen contained in arterial htood is carried in iw« ways; 
as dissolved oxygen in physical volution and as ;j chemical com¬ 
pound wiih hemoglobin in (he erythrocytes. The amount of 
oxygen dissolved and tht mIWHJRE COf&bifted with hemoglobin 
both depend on ihc of altered blood 

Arterial Mvmd flows through the tissue" is here the f*, H ts 
lower than Ih.ii L>r the hkn.uL In some I is Mies, such as the brain 
and ihe thyroid gland, vs Inch have a seiv high i.iic of Mood flow 
through them in relation lo iheir oxygen eonsumpiiun. (he 
may be c*nf> .* few mm Mg lower than tn inerial blood I neither 
I issues, M#ch ax eXetCising muscle the P 1U may he nearly *<ro 
because ibe /*,», of ihc tissues is lower than that of arterial bkxxL 
oxygen diffuses from ihe blond into the tissues. Th« loss of 
oxygen from arte rial Mood, (ugelher wilh ihe wnumilM gain 
in eaibun dioxide, converts arltnal blood to venous blood 
Venom blood is collected in the veins, mixed in ihe fighi ventn 
vie and again circulated ihrough the lungs 

1 4 Cartage Qf Oxygon in Itl* B*ScxJ 
by Physical Solution 

The phy deal solution of oxygen in live blood follow x a simple law 
which applies lo alI gases the amount of oxygen dissolved in n 
given volume of blood is directly proportional lo the f\,, of ihc 
gax phase which is in equilibrium with ihe bkvnd. 

[lie law of volution of oxygen m hkkkl is expressed Ih the 
equal ion 

(O, dissolved! =« rJ P 0i . (Ill 

The constant ir is the proportionahty sorts!.mi oi solubility von- 
slant which can hr measured The volubility constant is often 
expressed m numerical lernts sue ft iha* il equ.Js Ihe number of 
cubic centimeters of gas dissolved in 1 milliliter of liquid when 
(he panto) pressure of the guv is ?W.i turn Hg or oik almonphciv 
Soluhililj constants, piirlicidarly for carbon dioxide is shown in 
section 1 n, are expressed in other units, and the student should 
be careful to noic ifnr units lie fore using the constant 

I he numerical value of u for oxygen in blood is 11.0(23 ec 
pei nub liner of hhski per ulmosphere oxygen at a temperature 
of Vx i When Ihe partial pressure of u\>ceil is less ilun one 
,|1 mosphere, ihc urmHIfll of oxygen dissolved in 1 milliliter of 
blood is proportionately smallcT Accordingly ihc amount of 
oxygen dissolved in 4 milliliter of Mood is ^iven by the equation 

(Q, dissolvedl -a f.^ Thtl (J^y 

I CMIl'i i /*„j761l cc per ml U J t 
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J lie volume of oxygen dissolved m blond is (.uiisentiarullv 
expressed irt volume^ per tent, not in cc per ml Volume pci 
cent, symbolized "vol '.is defined .n lh<- number nf cubic 
centimeters ol oxygen dissolved m HHI milliliters of blood t on 
scqucntlv. 1 he rcstih as tUrkulaLcd by equation 11.11 Ulus! be 
mu In plied Hv If HI to give ihe result in volumes per cent 

Example 3. Kluod is equilibrated wiih u gaes aniviuie eon- 
taming 14 i oxygen at a barometric pressure of 752 mm 
11 (: -inil 4 I W C J lois many volumes pci cent of oxygen are 
dissolved in the blood? 

ftrst Step C .dentate ihe P„. Since the gox is in equilib- 
riiim with Mood, it is saturated with waIct vapor, The Mai 
presume ul Hie dty gas barometric picssurc minus The 
pressure of water vapor; 

(.Dry gas pressure< - i7^2 47 mm II 

- ?U5 mm Hjj. 

1 lie t ',* r is the fraction of oxygen in ihe dry guv lirroex ihe 
pressure of ihe dry gas: 

P ,,j — i Dry gas pressure i < 1 f Q T I 1 1W 

- 705 i |4 r 5f/100 

- I«7 2 mm Hg 

Swontf Slop I he volume of oxy gen dissolved in l milli- 
liter of blood is given by equation (151 

in, dissolved! II 0211 m2 2 1 IfiO 

•m 0.0011 ee pci ml. 

Thtrd S/tfjy. Volumes dissolved in I On mdliliiers h vol¬ 
umes pei «ni; 

(Vnl ' i dissolved) - lb.ufl.il ce per min li»lf 
-<i l| u>l 

15 Carnap of Oxygen in Stood by Hemogtotwn 

Dissolved oxygen and hemoglobin read to form a chemical com¬ 
pound .Kcorilinu to the equation 

0, + Hh - HbO f , <141 

Hemoglobin not combined wuh nxyyen is cal ltd ii<owi;*rrit!*tl 
li is often also ended n Jucn/ t remr whtbiH. sintl it is 
symbolized by the letters Hh. Hemugh^n combined with oxygen 
is Ljlkd oti yfit-mnniohin or oxyarnaltd hemi^hthin t and it is 
symbolized by the letters HhU,. 

One mole, or 12 crams, uf nv^en combines with If>.7(Hl 
grams of hemoglobin* and tlieiclorr the combining weigh! of 
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hemoglobin is Jft.7i.kl iipaim In nil work on hemoglobin as w 
carrier of oxygen. Ih,7fkl|fltaim»s considered to he I be equivalent 
weight of hemoglobin therefore, Ift.Tiin gr»m> nl hernnctobiit 
11 one equivalent. ant* Eft 7 gniiH is one imlhcqimwkrtt. A m4u» 
ikon containing J ft ? grams per liter has .1 tone miration of I enilli- 
cqurvalenl per liter, or t inf-q.t 

The molecular weight of hemoglobin iv about ft ’.in m. or 
toui limes the combi mug weight. I-or this reason we conclude 
that erne molecule of hemoglobin act 1 wily comNncs with four 
molecules iif etxygen according 1« the equation 

40, ■¥ Hb — HtKO,J, m> 

However, thU fuel is ignored m acid fuse chemistry, umJ equa¬ 
tion 1 14 1 rather Ilian equation 1 15} is used to express the comhina 
tion of oxygen With Itcmoglohm. 

One mole of oxygen at siondtird temperature arid pressure 
occupies 22 4 hfcrx, rtf 22 P 4fNJcg. By (he equation 
_ 22 AW i cc per mole o, __ 

g pci cq oh .dent hem on I oh r 

- I ,M cc Q t per g hemoglobin, I lb i 
we calculate thm I g of hemoglobin combines with f3d cc of 
oxygen. 

I'he average amount of hciruiglohoi in crythrvcyles of HH1 
milliliters of blood is 15 grunts. This h mourn of hemoglobin, 
when fully saturated, can carry Ht I.Ml or 211 t cc of oxygen. 

I dtecn grams of hemoglobin m HM riullilitcis equal- I 50 pum* 
iti « hiei I here is I5M Ift.TfHJ 01 b HCUb# equivalent of hemoglobin 
per liter of normal Mood Thin quantity o custom-mix expressed 
in mitlicqmvalenis. and accordingly then: -ire 8.9 milliequivalents 
ol hemoglobin pet liter of normal Mood 

Example^ \ siimple iifNiHxJ is equilibQld ill ’MT 7 ( with 
a ea> mixture having a F, t rtf 20fl mm ITg. at which the 
iKmuglohin is fully saturated It is kniru! to contain 2IJ 
sol . oxygen How much hemoglobin is 1*1 the sample' 

Fir$t Step, Oxygen dissolved in the blood ntno he Mih- 
misrted from the iche.iI oxygen 

rtf dissolved! 1II.02T cc per mlliZOU nun H|ti ’ftU. 

O IX¥i cv pci nil, 

— 0 n voi f 

I he total oxyiecfi ol the" blood equals that dissolved plus 
that combined with licnioglohin 

1 I otal U,i tO. dissolved) - HWf.. 

Hhi> 21.1 sol ff fl.ftvvl^. 

20 ? sol V. 
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Second Stop SitiL-e J *4 ^ of (t%v^fn sermhinc mill I! jt 
i4 hemo§Uotnn, 

ji HbOj pa HU ml 

i ^0 ? cc pet Ititi mh 1 1. M cc per §1, 

- 15.4 g MM>| per It® ml 

Since 1 he equivalent weight of ficmutlnhn I'i l^ r 7i»i 
Kq HbO. per liliri 

- 115.4 f pci MNI mi n IWi ■ Ih'IHH. 

- g.0095 Fq per litcr 
*5 ml’q.'l 



■ The JhicciktHA eufve sf hi W*{ und 4t [w!nJ 

prevmrci of hiHhmi (Jknuk equJ n* Ml. 40, and Rfl mm H(. 
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1 be exicni ith which hemogHihan combines with oxygen 
depends upon ihc P, , <rf ihc solution When the is Ngfi. most 
or .*11 of (he hemoglobin H combined with oxygen; when Ihc /*,►, 
i\ low. IissIl" hurtut^hihi ii iv combined with ov. clii. I lie extern of 
combination of liemoglobin with oxygen is divcusM'd in lei rm of 
(He jtt-ti rmuLf uititwmm of hcfiv^liabtri. which h the True linn of 
ihe tol.il hemoglobin in Ihc form of HhO. multiplied by Hkt 

Percentage saturation 11*1 IHH >- i 1 MbO, + Hbl i 1 1 \ 

I he relation Heiween (he percentage vain ration and the 
/*, it enpre-vtcil in ihc dissociation curve of hemoglobin, which 
it experimentally detcrmirred. 

I he *hi*pe ot ihe dicsociutron curve depends upon ihe icrn- 
pcraiurt imd ihc pH or /*,,,, of (he hemoglobin volution The 
dissociation curve hemoglobin in blood .il 3K*C’ and at *i /*, , (J 
of 4il mm Hk h plotted ,iv ihc middle curve in figure I .An in- 
create in the #Y< U or n dee re* sc in the pH shifts the ilissoeifltion 
curve downward and to the H^hii. iUruervcIy, a decretive in the 
P, „ t or an u>Lieu>c in llw pH shifts IhedEisivoctatiofl curve upw.ud 

and to ihc kfi * urvcv for P.. of Ho and 2 ti mm Hg arc also 

pitwled in figure I 

If we know Lite percentage Maturation of a sample of Hood 
at a particular P , r and tempt mime, we can read ihe /*,, from 
ihe dissociation curve, or if we know (he i\* { we can read (he 
percentage xuiuraiiptn, The accuracy of ihe revolt depends upon 
the prevision with which we me.'.sire lfm percentage saturation 
Of ihc P, h and n pon the correctness of the Jin sou ai ion tin v* If he 
accuracy is especially poor when the upper end of the curve iv 
tilted 

Example 5 One humlicd nulliliU’ix d a sample of blood 
containing mil I (equivalent* of hcmogkvHin per filer iv 

equilibrated at 'K ( wilh a gas mixture having a P„ t of 
.‘Hi rmn Hk and a t\ ^ of 4tf mm He Armllter I HU ml of the 
same Mood in equilibrated ;d ihc v.ime Temperature with a 
>; is mixture having a P, tM nf rero and a P ... of Jrl mm Hg. 

1 he iwd samples are mixed What is the P , Ihc mixture? 

firs f Stop I he sample ofox ygenaled Hood in t lie same ax 
That described in example 4 1 1 contains a total of ' I A x ol 
oxygen of which 20,” vol ‘f is combined with hemoglobin 
and Or. v i si • i Si disrobed I he Olllci -> inlplc contain* fui 
oxygen. < onxcquentfy, ihe u>rriNned Zrm ml commits 
2115.4 } grams **f hemogkrhill Mhl 21 T <C of oxygen. Awum 
inc. is a fir si appruxLrnaiion.fhui nil ihe oxygen is combined 
with hemoglobin. lire amount ul HHU, is 
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2MccQ* _ 

• 'J cc < 1 per gum HK). 


l« H wms HbO 


PcTL'cnlJ^c saturation 

IW <15.9 g HbO.i :(I5.4» HKJ * Hhi 
- 52^? saturation 


Second 1 £f#p. Reading irom the middle l ilfVe in figure I, 
[he ft., is found to be jppruximaidy ili mm M|£ 

Thffd Step Id ^hi^ ft ,< r the amount uf ovvgen dissolved i* 

(<>i dissolved! 

2WIO.V2* ec pet ml H W mm Hfl.'TOft 
- 0 IS tc per 2CH> ml of Mood. 

This fa |00<0. Iki.m 21. J|, or 0.8 percent of ihc total oxygen: 
.1 rvii [Ik- assumption 1 h . ; l all oxygen r. combined with henw^ 
glohiri in the mised Mood h better than W** cuftoct. 

The shift in the dissiK-iatiurt come of hemugtvjbin when ihc 
ft , , rises increases thf amount of my pen tiveti up in ihc tissue . 
Arterial blood containing o\ypen and having u ft Uj of -in mm It]! 
comes lo the ii«\tKi where the P t t. h low arid the ft i>r is About 
46 mm lip. (he tow ftu causes the reaction described tr> equa- 
i»on 1 14) to >hift lo the left, and ostygeniv released froitunyhemo¬ 
globin Simultaneously, increase in fticauses the diswrcialiun 
euivc lu shifi downwind and lo The right I his means that at the 
ftn prevailing in the (issues hemnglnbin combines with Jess o\> 
gc;n Ehan it would have combined with had ihc ft i 'i net increased, 
fhcrefoiw icty hemoglobin gives up an additional amount of 
osyg.cn to the tissues. Conversely, the full in ft incurring as the 
Mood passes through the lungs causes the dissociation curve to 
shift upward and to the left, and hemoglobin takes up m addi¬ 
tional quantity suf oxygen. 


16 Thus pH S-cale 

1 he activity of hydrogen ion* ill a solution determine* us tidily 
■\Ctivity is expressed in the dimensionless term 

Activity of hydrogen lulls «- a** - 11 B * 

I he kn, in pure water is about Kt f , By convention, volutions 
has inu . iter than Hi " are acid solutions. and ihuse having 

u h - less than 10 1 are alkaline solutions. 

In the human KkIv n M < unices from about ti (A in the most 
acidic gastric juice to about ii.ttki imlMH in the: most alk-diue 
pancreatic mice. In order to find a convenient eisprcvsiun lor 
this wide ranee uf activity of hvdrrigcn ions, acidity is espre^c-d 
in terms of the negative lugainhm lo ihc base (it of ihc activity 
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nf huEr^en tons in nuUilgon E Etis Icmm is adkd ‘ pH " and its 
definition is expieucd by the equation 


pH *-k>g (i* f . (I9i 

in practice, activity ol Ii>Jtoi:cii ions in a solution is men- 
stittd elcctfuntcliicdh It' iEk unknown solution is separated 
horn a volution having a known, standard hydrogen ion activity 
by a membrane which is permeable only to hydrogen ions, the 
dectncal puteotiid t across the irseiirbrsuiie is given by the 
equation 

RT ( u H » Standard 

k - h " Lt , -T-* <20) 

rrf rj H . I n known 


R is the gas const,ml i is the absolute temperLiiure. n is the 
valence there equal to onci; and F is ihe taraduy. The loenrUhrroc 
lerfln is m the bast- r of nidtirai! hifkiilhms and is 2,3 times 
En$..irtlIvins to the have 10. I lie equation cun be rewritten 


It - 



log l u M 


Standard I 


s 


Hi 


2-3 ^ log i a H L nkno* n» 21 i 


Since all values in the equation except /: and li? H - l nkrwwiii are 
const&m, ihe equation reduces to 

E‘ — A - h Ivsg t u H . Unknown) <221 

where i ami b contain the constanl tallies in equuiKHi i2h 
Equation i22i siiys (hat the potential across ihe membrane is a 
linear function of ihe logarithm of ihe unknown hydrogen ion 
activity By detinilnin 

IpH I' nknow nl - -jo* <*i„, iJnknow n) < 231 

Suhshtultng this, we have 

E A * h Iplf Unknown)* <,241 

or 

4pH \ 'nknownl» Fjh - Aik 1 2$ i 

The unknown pH is u linear furbehon of the potential across the 
membrane. 

I ihdci appropriate conditions some kinds of glass behave 
wv though they were membranes |h iimaWc only to hydivgen 
ions This pines o formed into a bulb and tilled with a standard 
sohniuft having n known o M , and if is dipped into the solution 
whose unknown is lo hr measured I he circuit is complied 
h) connecting a suitably prepared wire dipping tuio the fluid 
inside the hulh ut cl ivs eScctiodc* to one lelntinaJ of a poteti- 
nomefci and by connecting a qxndnrd dec I rode, ii snails ;i 
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vakmicl electrode. li> tbc tuber icimtn;d of ihe potcnitomcier 1 he 
calomel electrode is electrically connected wilh the unknown 
solution by ii safi bridge, usually ,< siiuuutd solution of pM-asnum 
chloride I Sen. if (he appamiiis is correct ty constructed. the 
potcotkd read tv directly proponiamt In the pH of she unknown 
solution 1 'he com me re 1.1% available apparatus is usually stun 
dardired and calibrated so Ih.u its mder read* in terms of tin 
pH of the unknown soluLiun 

In an infinitely dilute solution the activity u| hythugeii ions 
irj M , i is e*Actly cquul to ihe eoitccnUAtiofi of hj drogen ions 
[H* |. In more concentr;tled sob n nms the activity is always less 
th; 111 lf--j Limuiriitialiilfl, and iTiis fast tv esfiressed K the equaLmn 

flht 

Mere f is the activity oeflkicm whose numerical value is less 
ihun nive and which mini he experimentally determined 

(lie activity cocfiflc*cni foi hydrogen ions in blood is not 
known hut because their concentration is so small, blood prob 
ably behaves as though u were an inlinileh dilute solution, 
t herefore, ihe uvtmiv coelfkiem is probably close to one: arid 
moreover, there is no reason to ihink jK- jt u varies under most 
physiological circumstancev f omoEpicmly. we will assume it to 
he one, and we write ihe equations 


pH - Mg tn H - h C171 

--Mgi/fH*]!, <231 

- lug 111C H ■ J. 12^1 

- lo«(H*1 itoi 


Uasine juice is the only body fluid fat which the ueiivity 
cocfbcrenl cannot be assumed to hr nearly equal lu one. I 11 a 
sample of to si t iv juice whose pH k I INI ansi in which the sum of 
( Nil 1 J and ( K'] r» 50 ntFqi'l. the actus itv coefficient of hydrogen 
ions is 0.31(1 Thus (he activity of hydrogen K>ns is <LI00, but ihc 
concentration of hydrogen kmc is 0.100,0.3JO. or 0 124 Fq.'i 

Example 6 1 be pH of normal ariciml blood is ? 41 What 

is its hydroge n iorv concern ration? 

The necaioc ki^.irrihiti uf the tivdrogcn km activity i% 
7,41 riiorefnTc. the Logarithm nf it is 7.4 |. 1 Ins can also 
be wntien D.51 J* 

The an 1 ilov’.inlhm of 0 'Mis t.u. ainl Ihe anhlofcarithm 
of 3 is to ■ Ibc product ot * v nod 10 1 is VV * Hi “ 

Msuminc the activity coefficient rn he one, the hydro- 
gen km concert ration is - *0 4 moles per Hicr m 
O.Oiin.000.05M mules per Ulcr 
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utfivcincriLi’ the Lkt-nceniEuhiJii of hydiujtfn ions if) 
blood is oTltrn expressed in Terms of nanomoles per liicr. A Oiino* 
mole is H> p moles. In this unit Ihe result Of example 6 Is 39 
nanomuki pci liter. or 19 nM/1 

Example 7. I he extreme ranges of pi I of arterial N*:s,hI 
are kW and T.ttOt Cakiilale and lubulaic the hydrogen ion 
concenif alionv correspond inc lo these Limits and for the 
intermediate pH values m siepv of tl. 3d pH units 

Fiji pH 6,90 ' H ! - nimlog i ft ’«U, 

- 13k * M> moles pel liter* 

- I> nurvomoWs per lncr 

For pH 7 JO |||*] - amIIqr 1-T.MOi, 

-1,6' ID ’ mules per liter, 

- 16 raM/l. 


Or pH 6.VD - 13ft pM/l 

7.00 - 100 
7. HI - 79 
7.20- 63 
7. ID w W 
7,40- 40 
7.30- 32 
?Mi= :? 
7.70- 20 
7*0= 16 


3 he pH scale is a logarithm L - one and. us example 7 shows, 
equal intervals un tlie pH tculedo no4 correspond to equal inter¬ 
's :il s on the hydrogen ion scale The fad that pH is uaunlly plotted 
on ,i linear scale elisions the phvstolojpeaJ reality, which is ihx* 
hsslcouen inn euneentfation, lying behind the pH wale 

Example 9 Art increase of 25 nM I in hydrogen um con 
cent radon is frequently encountered.. hm ,i decrease of 
25 hM/1 is not compalahk ssiih Ide. Uh.il are ihe corre¬ 
spond ir^ pH’s? 

Normal [H | i> 39 nM.l An increase if 25 nM/l 
nukes It | equal in 64 nMil. I he pH corresponding m 
this is 7 |9 

A decrease of 25 nM.l makes 11 equal lo 14 nM.’l 
I he pH corresponding |o lh*v ** 7 X 5 

It is not corns:l n> lake aHhmeuv.J means sir pH values. 
If a number is wanted In express the average pH. individual pll 
values must be converted to corresponding hydrogen lOft eofi- 
cenii.iiiuns. The -mdimchxid mean of these ear he laien. and 
the ithnui can Kc i*. convened to pi I It is at so incorrect to speak 
of per ten lane change* in pH r lor percentage changes are appro* 
prime only io a linear sc-dc. nof a loiunihimi. one 
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1 7 Buffo* Action 

An acid it j cumpouod which is cnpcibk of jiving off a hydrogen 
ion (or protoni and a base is one which is capable ol accepting 
.l hydrogen ion. A common acidic group is ihe ^..rt>i •>. y i group 
ik—The structure of ihre group cun be written 


O 



I Tic letter k represents *nv other group which may be ulUchcd 
(o ihe carbon atom. When (he compound is dissolved m w.ifer. 
the —OH gidup dissociates to give H i hsdro^un inn and .in anion 

p o 

R—t—OH ^ R—O + H ill) 
The arrows induce that the reaction re reversible. Since the 
anionic produci of the reliction re capable of accepting.) hydrogen 
sun .is the read ion proenks to the left, the union is a base. Such 
onion is called the conjugal* base of the corresponding acid 

Another group capable of going off a hydrogen ion iv iht 
ammonium group l—NHjf Ihe reaction re 

K-NHj = R—NH* + H\ 02) 

In this instance, the compound K—NH is the coning me base, 
ami The cationic R — NH is the acid 

If hydrogen ions are added (o a solution containing .in avid 
and |H conjugal* Krec. the increase m hydrin Ion. concent ration 
drives the rent I inn depicted in ihcse equations In the left Some 
hydrogen toils combine with die coniug.ile bust to I ..mil the uCid, 
ainf ihoi elore some hydrogen ions disappear from the solution. 
The final concefilivliMi <4 hydrogen ions .Tier the addition of 
acid is lower than it would have been rf the conjugate banc hud 
not been present. On the ulhcr hand, a decrease in the hydrogen 
kin cskkciiI ration of (he solution dfiVcs the fCdCtfom to the fight, 
and some of the acid molecules five up hydrogen itwi*. The linul 
conventr.it ion of ihy dr open ions m the variation iv higher than it 
would have been rl the nod hud MM been present Bef tiwc ;m 
acid and ns conjugate base tend lo minimize changes in hydrogen 
kin concern rstuon of n sdnlron. ihe p.ur acl as a buffer. 

Hie acti<m of a buffer cun be described ipianlitalisck m 
terms of Us tit/inirw tutye dilation curve is con vl rue ted by 
dressing a known amount of buffer in w ater ,»nd measuring the 
r»f of ihe volutiiin. 1 hen a known .itnukiftt uf avid is tidded or 
removed. and the pH is again measured. Ihe process is repeated 
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until ihe entire buffering range of (be buffer is covered W hen 
the .minimis Ml .it id added tire plotted a* ordinate* ug^dn^L the 
PBS .tv abscissas, the titration curve is constructed. I he curve of 
.1 representative carboxyl buffer ts shown in figure 2 



but, 2 Titration CTrt>c of « rv(Vtu , Muiii | < enrhomyl ockJ 


Ihe buffer volution represented in ligurc 2 wav made up so 
that it eomuaned lit millimole* of the buffer It was adjusted w> 
that halt 1 the buffer. or *> millimoles, was in ihe undivsocimed 
acidic for m i M —(1)031 1 nd i be other half wav m the dissociated 
basic form I It—con ). I he pH nr ihe volution wu% Ibund to 
be O.V I Ins is represented by point A , When 2 maliirnoks of 
acid were added to the solution Ibe pH was tuund to be -t Jfc as 
represented by point ft The pH had changed —0 1? pH unit' 
In a similar tishion other points on ihe buffet curve were found 
by adding or removing hyUiogcn ions* ami the whole curve wav 
drawn, 

Ihe buffer vjUivj' of a volution iv the quantity of hydrogen 
wits which can he added to. oi leinoved I rum, a solution with .i 
change in one pH unit I his value iv given by 111r slope of ihe 
Sitr,uion curve The titration curve shown in figure 2 is not a 
straight tine, and lhc slope changes as the pi I changes Ihe tiue 
slop'tr nf the curve at any point is the dope of a straight fine 
Miu&ftt 10 the curve »t th.u pi mil lloweycr, { v » hi>C appruvitna 
Titvit, ihe curve between points # and H can be considered To 
he straight. between these two points addition id 2-t> millimotcv 
ui acid caused a lall of O C pH units 1 hereluie, the buffer value 
»«r ihe solution between points f and ft is appro Minutely 2.0 


Tfl 
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millimole* of ,i<id per "0.;'7 pH unh* By the proportion,! loy 
rqLi.iEinn 

1.0 wM H* _ J,4aM H* „ 

—O.JT pH iirnu 1 pH mu 

il mill be seen ihal the buffer v .nine of the sol u bon is about- ?.«l 
millimole* or ucid per pH unit tniiutn points t md ft 

The Puffer value of ihK buffer hi rfitTcrcnl at other point* 
on the curve, for the *Jopc of the curve change*. I he slope i* 
gnviiest dl the middle of (hr curve where half the buffering group* 
;trc in the undi*wci«r«d acidic stale and half ure in the di**o- 
einied basic vute. The pH at (he jxrfni where ihc coiKentruliun 
ol two mcmbcis erf .i coTViuyralc pair ii equal is called (He ph of 
she buffer 

1.8 H<emoplotnn as a Suffer The Titration Curve or 

OxytHtrnofl totun 

\ protein such a* hemoglobin is a buffer because ns molecule 
contains u Luge number of acidic or basic group*! carbonyl 
i —COOH i amino i—N H I. ammonium I—NH [ 1. or gunctidukr 
i—NH—t NH — NH f j. I fiete may be mhe» type* of buffermg 
groups such as the imidazole group of hifitidine, M the isrwkcfnc 
point of a protein the number of anionic groups equals the number 
irf cationic groups, and ihe fid charge on the proiciri is /ero. 

^ protein can lie reprdenied diagTamaiically as m figure ,1 
the is in’fee wk protein is xhui* n us having fuiu acidic and four 
b;isic grwips When four hydrogen ions are added lo ihc xirfulioii, 
three ol I he hydrogen combine with the baste carboxyl 
groups, suppressing their ttinizaliuti and forming umlivsoci .tied 
groups One of ihc hydrogen ions remains in xoluiHm, making il 
more acidic. Had (be protein not been present, all lour hydrogen 
ions would have remained in solution. aitd the toiulion's acidity 
would hiivc t*ern ^rcaier i inversely, when hydroxyl ion* .ire 
lidded lo the solution. some of ihe acidic groups give up their 
hydrogen ions which combine wuh (he hydroxyl group* lo form 
water. I he decrease in ucidilv of llie solution is not so great ns 
ei would have been had tlie protein nor been present In this way 
pnitL'in buffer* I he solution,, preventing or reducing shift* in 
hydrogen ion concentration when .kid is .ukk-rf lo or removed 
from solution! 

Much of ihc buffering by hemoglobin in ihe physiological 
range is done by (he imnf.,.m. groups ofhkridine These group* 
umkrg» (he Chiintirs show n in %nrc ■i 
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Fig. V Si'lirmniK icfwe*caMlHwi of *hc buffering *clKin nf * pnUcm. 



I ip. 4 Stbcm.iEt. icpTTitrULilii'fl of llv huHVririg ikIioh <jf [fit unkl 

Lt/ikc prvnip if tK'iTfcipliit’iini 


1 he hulk-i i!ri^ fw^ef til it piulon i* e^pwsiMfd in ■(* idr.iEuHl 
curve I he lit mi km cunt* ol uv>hcm<3#k'hin is thuun in figure k 
tn ufder Ui ivhhiin iKiv piirhciit.ir eiHVc of hum. in Iu'ichi 

pk>hm wan oi|mlilxaicd m i with a pas miMiind 
ifr\>|tcn Al .1 K , Ot W’ rnrli Hf itml C.lihon Unmdc M u P.| tj I>f 
W mm Hp 1 he pH nf if>c sokHicm wmv mc ^ured t hen .i kmiw n 
















} 6 Hemoglobin is a Suite? 




amount of h slaitdaid solution of (vi(;iw li m tnrlHMi.itt wa^ added 
lo termwe acid from the votiiiiun I lie 'ample was ajcain cqm 
lilii. iw-lS at .17 t with Iht smite mixture, and ifitr equilibria- 
linn it- pH wax .ijtiin measured In order lo Weep ihe curve 
consistent with the Test of the buffering turves used in ihss 
book, (he data have been presented in terms of acid tuAfed to 
the volution instead of in ttf ms of ,itid removed, as w** the case 
in the actual experiment 

(iter the physiological range «f rll (he til nil ion curve of 
ox>hemoglobin is almost .1 straight hue. I he stop* or the central 
pari iif ihe cunc draw n in fiBcinc * in —7,2 millimoles of acid per 
nnlhequH jlent of hemoglobin pet pit unit. 

Ensmplfl 9 One (tier of hum.in oxyhemoglobin oluliun 
held at .17'C and equilibrated w nl> a e.is mixture cnni.uning 
Cu din-ip din side -al a of men Hg contains x 7 miHi- 
cquivalciil nl hr imj^labtri like pit is 7.24 fen millimoles 
ul hydrochloric acid are added. Whal is the pH ol lh« Aniil 
solution ? 



pH 


l . 1 : s tmr.nww curve ul huniun oxyheivKigluhiti at 17k in ihe pies- 
dice .a •.,nK,.r JiuMik 4 > p n a. i pressure til > J mm lie -Idapicd 
from ihc iUih ot Kusm «ml HnughtiMt, I^T / IMi'.u-i l^J l iRepro 

dm <ill pe-muvxKin » 


If the addition of 7.2 null!moles ot acid In a similar 
viduiinn containing one milltequivalent of hcmoidi'but per 
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liier causes eIk pH lo 1, 1 II ori-c unit, the addition ot hi miini- 
mulcs til acid lo H.T millicquivnknts will (mrsc (he pH Iti 
hill iKwording in ihn.- ci|iuiuici 

_ %2 rnM udd 

i - l pH unit) 1 1 ml u IIM),| 

_KI mN t acid 

i .# pH linilvl fH.7 ml -4 HhO ; ) 

- -10 I)k7n7.2i, 

- 0.1ft pH mills. 

The linul pH IS <7.24 O.IM 01 7,it* 

Wltel would be the pH change if oxyhcnK>ftM>ifl were 
do) prevent 

The addition of HI miHiraoks of avid to I Hici neutral 
un buffered solution would hmiu ihe hydrogen km coficcfin 
iraiion to H> millimole* per liter, or 0.01)1 M if the .icijviiy 
CivUieieni of hydrogen tuns is one at thh dilution, the plf 
equals 1 he negative (oKarithm of the hydrogen 100 concern- 
i t;i non I hi> i> pH 2 

1 .9 Th& Direct Combination of Carbon Dioxide with 
Hprnoglobin C stream mo Com pound 5 

Bel wee n 25 arkt TO per ecnl of carbon dioxide curried Fumi its 
Mice to lung 1 ' in areeling m.m is earned as cafbannmo compounds 
C -irtnmdtojude reacts with aminogroups 10 formcarbanuno 
tumps fund* BetsHdirtg m the equalton 

K HH. + CO, ^ k- NHt OO f HV 4T4) 

the reaction occur* xery rapidly and dues nut require a culalyst 
( .abort dioxide does not read with — Ml group* to form carb 
iimirvo compounds 

( urban dwide forme ruibiminu compounds wtlh Ml 
groups on hcmukttohoi, and the amount oi yjtbuifimo loimed 
with reduced hemoglobin is greater than ifrc amount lorrrwd with 
tixyltcmoptobui 1 hr* means ihui ihc pimp on hemoglobin which 
u 11 . 1-1 with laibon dioxide is liftedcd bi Ihe slate v\ oxygenation 
of the iron atom- 

Figure 6 shows lhai the amount trf carbarns no—t O, formed 
by reduced licnioglnhm is greuk-r than itn. l formed by mvheiTw- 
tkrhin ru the same f\ ,... 

Example 10, A sample of ahetial Hood contains 9 milH- 
equivalent* iid hemoglobin pet liler, and ihe heinogktbm is 
90% wduraicd The P flH i* 4P mm H§- When the blood 

chances to venous Wood, it becomes a5*1 saturated and 
■he F,, h mt‘s (0 mm Hg. Mow much carbon dioxide is 
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can ltd at cartuiinirw —("Ov in ihe altered and vcmmt 
blood' 1 



f J Ik! ft kgtalhni between the fxjrtiiil pressure tif v.irhoft disMKlc .inJ 
Ihe miNmuiJrs i4 uihun dkrtiifc earned a% curtwnirto—COi by i nulti 
pym valent of oryHemoftobtfl or nduced henvnglohin t iiree* con- 
emitted from the Jju <H!" Fei>;mon -nil Kt*jghl4>n, N1V /. PhiMid 
Hi \ kepi winced bj ptrnmsk*n > 


First St&p, M 1101111 -f in %Lirc f\ t>flc miHiequivalefil »if 
oxyhemoglobin carries 1)1 millimole of curkuTium—CC) 3 
alien the f 1 , , rj is 4*0 mm He. Since hemonlohm it ■HK5 
*j[UfLiird there are yi*w-. nn>. oi H.t miliicquivalcntx 
OXyherivogU^in in the arterial hlood fherelore, the ox> 
hemoglobin eartiev O.ltuS. |i, or O.St rmllmioir* ol curb- 
,imir*t>—( CJ... At the same P,, h reduced beimwlobm Carrie* 
11,33 millimoles Of carbantioo—'CO, » shown hy poinl JT. 
Since ihe aneri.U hlood it UY" t reduced, the blond contains 
O.o rmlliicqi»v alert ts of reduced hemoglobin which carries 
0.33(0.0). cm 0.30 nnlhmulct of carhamino CO ; The 
total cwhanuno <.<1; in the arterial Mno<l *s s ll imili 
mulct per liter 

Stjcertrf Slop Yl a P, id + ; mm Ifg, I inilltcquivaknl of 
oxyhemoglobin carrier 0.11 millimole of carh.imiito ( O 
as show n b> point < Since venous blood is 4*',. saturated. 
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iheic aie V.tii4S<i IW + t>i 4.] miHkquoaltriis ol oxyhcnxv 
Min in 4i klet of 'tenons blood This amount of ox) 
hemoglobin van carry iUlt4.li, or 1! 4^ nnlhniuks of 
carhanuno—< Al I be same F, . v 1 niilhcquivalcui 

of reduced hemoglobin tarries O 44 md I unties of carh 
ammo CO T , -iv shown hv point t>. I heic are 4.K mi lit- 
cquivalcnts of reduced hemoglobin rrt ebe serums blood 
and this can can s 4.H i <1.34 l, nr 1.63 milhniulev of Citfb- 
amino—COf. fhr total cartwmino t O, in venm* blood 
is 2 HU millimoles per filer, rtf 0 l ?" r millimoles per filer 
more than iv present in arlettal bkxKl 

I'qir.it:ion (44 i implies itiol for even millimole of carh 
imirto—t 0 S formed, one millimole of hydrogen ions is, released. 
It probable that Mimewhol more I bun one mBIinuile of hydrogen 
ions is released when a mil h mule uf carbarn mo—t O # tc lotmed. 
I be icuvon is that (fie idiuao troops of hemoglobin stlso panici- 
palc in the equilibrium cspressed in The equation 

H* + H—NH “ K—NH; |35) 

When cirfbitn»rw> compounds art formed by the reaction between 
t (■>:; ncJ K Nil the concentration ul K—NH is reduced, and 
■he I -_.il I IT' described ill equation I 35) proceeds lo llic kit but 
every millimole of K NH. produced by thi*s re action, an uddi- 
tiottjl millimole of hydrogen ions is released The position of 
the equilibrium described in equation 1 35 1 1 *> such (hat when one 
millimole <H r sJibamino—t G, if formed m hfcxxl al ,i pH c4 7 4. 

I 5 millimoles of H * *re given off by hemoglobin Of this . 

millimole is produced by the reaction in equation 1 34i. and ihc 
test is produced by Hie fraction in equal ton (351 

1 10 H^mogjobm ns a Buffer. Thu Ellen of Reduction 

I he strength of the Niffcnns groups on a pronem depends on 
<i number of factors in addition lit the chemical nature ttf the 
groups Ihem^eivev i|te strength of all) one croup is irilliurn^.d 
by riv place in the whole ptotem molecule. by the ^utli^uialum 
of the polypeptide chains, and by the chemical n iturc of adjacent 
crimps. The imidarole and otbet htLffcrmi: groups of the Itetbo- 
globtn molecule .ire clued 1 ! associated with Ihe iron atoms, 
and their buffeting vilength is .iffeeicit by the Male of the iron 
atoms In oxyhemoglobin oxygen is earned by the iron atoms, 
and when OvVgcil is removed. the Chandle occurring tn rhe elec 
tron clructuie of the iron alums inlWoce* the imidazole and 
Other buffeting groups, making them less strongly acidic I bey 
became less di>socialed, taking, up hydrogen ions front solution 
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Rccaiise h* iruyglobin is on iFte alls,i!me aide: <*f ii% i^mefeetne paint, 
ilv itumbcr of negative charges is treble I than its number of p<Kt 
live charge*, ami its net chaj-pe in rtce.itoe \ddi1itni of hydrogen 
ions lo the buffering group* increase* the number of positive 
.^nd reduces the nunibgf ol m-galivc charge*; herm* 
globin'* net negative charge is reduced, The change <s shown in 
liguie 7, bui the neg*.»ii>e charge* curried by hemoglobin arc not 
represented in the figure. 



C'flinty!£ in the dissociation of tFit 1 imidii/olc group rciulcs 
ihc buffering power of hemoglobin to us my go run ion and reduc* 
linn. The reciprocal effect -ihc relation hciwten nctdily of Hie 
solution and the ability ul hemoglobin to lake up <r. give off 
oxygen- 1 '. aHo implied \n trteteas* in acidity of the Mdotiun 
drives the reaction shown in figure 7 i,> the tight, afhlmygen is 
given off \ decrease in acidity drives the reaction to (he kl I. 
and oxygen i* taken up by reduced hemoglobin. ( unscqucftily, 
the oxygen dissociat ion curve is shifted to the light by an increase 
nt acidity ,md to the left by a decrease in acidity. This relation is 
shown in figure I, 

f he change in the dissociation of lFie imidu/oli! group is 
an important pait ol the (suffering mechanism of blood I h rough 
our ihc tiillnwintL discussion ihc reader should remember lhai 
ill reduction of oxyhemoglobin Causes hcniugli.ihm to become 
a weaker acid .usd to remove hydrogen urns liorn solution, and 
i*l oxygenation of hemoglobin tnn>o hemoglobin Its become a 
stronger acid ami to give up hydrogen ions u> the volution 
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Ik. X TklralKHt «f dnyhemaafottin niEkJ ,irdev> jaJ ut 

reduced hcmoplobin larsn circk-*> ill ! 1 < in the presence d cjctHtn 
datUmk ill A partial presMlFr Ilf jv mm H i;, the J^brd Imc pinraJIfJ TO 
the curve* shuns i he approximate posincm ol the litmtion cur>* of 
i cd.ikfil hertH^loMn in loie absence of cartHm Jim ale Vdnpreil from 
the data Lf kiHs,i and RouphlDft, |%7. /. rAnnd (Jill: |. |Rt{indlKt4 
by peremt-oiun i 

The eitTci;t of mincing hemogjlo+nn is shown in figure X 
which contains lbe titrstton yurve of oxyhemoglobin ni*cn m 
li^ufc 41 hi ordci to obtain the til nil mu curve of reduced hemo¬ 
globin, ,i sample of the same Wood was equilibrated at J? 1 
with a K-rs mix lure containing: nu oxygen but coniJininic cuhm 
dioxide at a jP, , h of w mm Hgt Because lhe gas hmuuic contained 
no oxygen, nxyhemogJk»Wn mas reduced- The pH of the vni.i 
Mill measured. then a Known amount ot standard potassium car 
K*wtc wax added to I he reduced blood to remove acid from I lie 
vofuliim A sample was again equilibrated wiiti I he same gas miv 
inre at ?" (. , and arflrt equilibration its pH was attain measured 
In order to Keep the curve ccMisixietd with the rest of ihr blood 
butler mg curses used in this book. the data base been presenied 
in terms of otkJ added In the solution instead of in terms of acid 
removed js w as the ate in ihe aclual experimcim The points 
for reduced hunoglobin me pkriled n% open decks in figure « 

the hori/c-nial arrow in figure N shows ihc shift m pH oc- 
ciiriinjfi when liemuckvhn is reduced wilhoul any change in ihc 
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amount of acid slided or itmnsifd by cxitriul mtMiu. I his rise 
in pH is siuused rriiuivji) of hydrogen k»n$ from solution by 
hemoglobin as it becomes a weaker idd upon removal of oxygen 
From it-*- iron atoms. On ihe ,ua.^c (he shift in pH when heino 
jiiohm (» changed irndei ihc^e i.-nndiluirm from fully oxygenated 
lo fully reduced is (HHK pH units 

M (he same time hydrogen ions arc removed From the wdu 
lism by hemoglobin, an equal number could he .idJed to the volu¬ 
tion I mm ilic out vide Addition l»I extra hydrogen ions would 
present any rise in pH of Ilic solution resulting front red us lion 
nf oxyhemoglobin This is shown hy (he vertical af,ow f which 
repTC'cnli the change uerutfins when oxyhemoglobin is reduced 
and add is simultaneously added. Measurement of the vertical 
distance between the two corses shows that for every milli 
cijiuv.de ut of ox y hemoglobin reduced, approximately (M 
miHimokv of nod uin be added, .lixl the pH wilt icniaiii constant 

The measurements upon which figure * is based were made 
on hemoglobin solutions whose P . v was kept comiani at the 
rh ysiaiogical value of mm I la Section 1.0 shows that when 
oxyhemoglobin is reduced r( forms carLvtmuio compounds and 
that when ittittomuio ^ompouiydc are formed, hydrogen ions 
are given off Therefore, two antagonistic processes occur when 
oxyhemoglobin is reduced in the presence of carbon dioxide 
1 1 1 reduction ol o.sy heriMglnbm mukev ihe protein a w e ikn 
and hydrogen ions urc taken up from the suhinoti; but i2| re 
diietion of oxyhemoglobin allows formation of more caib- 
amino—CO*, and hydrogen ions are pven off In the pH range 
of fidi to about 7.5* the hr&i pfiKtsis lakes Up more hydrogen 
ions I ban are given off in the second Therefore, either the ptl of 
hvnss’lohii solution’, rises when (lie hemoglobin it reduced. Of 
acid can be added when Iwrinu^luhin is reduced with no change 
in pH. 

If oxyhemoglobin is reduced in the (ibsrrur of Cartjon 
dioxide, roinulion of caibnmino com pounds « which occur, and 
ik) hydrogen ions are erven off by that process It no ,icul is added 
lo Ihe solution the rH increase %% very much grvaiei Ilian (hut 
shown in figure K. If acid iv simultancocisK added lo prescnl the 
rice in pH* more acid can he added Ihe thr.irion curve wliieh 
would tec obtained upon reduction or oxyhemoglobin in absence 
of carbon dioxide is approximately represented hy die dashed line 
pafullel lo the other titration curves m Imine K Arrow 2, rcpie 
venting the vertical distance between the dashed fine and the 
titration curve of reduced hemoglobin, shows the magnitude of 
the an (agonistic tarbamino effect 




What Happens in Blood 

1 11 Carriage ol Carbon Dioxide in tne Blood 
Qualitative Aspects 

\rlcriul blood coming 10 the livsues contains a targe jiirKWnt of 
WylMHfWlil and a minimum arnuuni of carton dioxide. In 
tub'lliti; through ihe tissue*. oxyhemoglobin gives up oxy^n lu 
ihe tissue*, and the tissues deliver carbon dioxide lo ihe blood 
('urban dioxide produced by the tissues is probably released 
into ih*e bhxod in ibe form of carbon dioxide devolved in water, 
Carbon dioxide diffuses mio the plasma w he re three things h.ip 
pen to il; 

J I he largest fraction of carbon dioxide diffuses chroLi^h ihe 
pi ism a into the erythrocytes where buffering mechanism* 
me available lo deal with it, 

2 I )i>solvcd carbon dioxide form some carbumino compounds 
with plasma proteins Since there are relatively few amino 
groups on plasma proteins capable of combining with carbon 
dioxide, a total of not more than 11.5 milFrmole ol carbon 
dioxide is earned in a liter of plasma as CAtbamino—C () ¥ 
t irKimino compounds of plasma are not effected by the 
stale of msecnation of she blood, and the amount of curKa 
nuix>—f (),. of plasma docs not change 'igmlkantis as lbe 
blood becomes venous 

V The resi of (he dissolved. curbnn dioxide remains in ihe 
plasma Dissolved tuition dioxide reads with water according 
to the equation 

CO. * *1.0 li|CO f r (Ml 

Combi nation of carbon dioxide wiih watei to form carbonic 
acid is called huitmum of carbon dioxide, and rhe reverse 
reacLion is c.died dfhsdralu>n f he cqtithhrium of the re.KliOfl 
is far lu the left. and in plasma the concentralion of dissolved 
carbon dioxide is about l i«n> limes greater than the conceit 
tod ion of carbonic acid The increase an concentration o# 
dissolved carbon dioxide Otiiirruiii when hkNid become* 
venous drives ihe reaction "lijEhilv to the rinlu. and u minute 
amuuiii nf carbon dioxide it hydrated lo form carbonic acid 
The small amount of carbonic acid formed ioni/es according 
lo Ihe equal inn 

H*CO a - M* ► HCO*. 

I bf hydrogen ions produced by the toni/.dion of curhome 
■s’ 1 1- -«K- ■ I'Tcrsd i he weak hnflri me \v si cm ol the plasma 
with ;m menu hint slight (all in pH, and the hicarlson.iic ions 
icnxiui in the plasma Ihcse reactions are sum n van zed in 
figure *>. 
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I it. ■#. Schematic rr prevent At kwi at' the pnjves’.sri (H’Ciinuljf wfitrrt 
carbon dtoxid? from titwet to pia*™ 


t nrKsii dioxide diffu * mj; mio the erythrocyter n- carried m 
three way*: 

I Some remain* in the er>lhi\>C}icta«dissolved carbon dioxide 
2. A significant fraction at I he cafboit duoxidt combiner with 
hemoglobin to Form eaiturmnn CG S . X* oxyhemoglobin is 
reduced hy civme up oxygen \v Ihe listtucs n become* capable 
ill l v'ir 1 1t 11 ri.jj aiih .in ii’^iLM^cd amouni of carbon dioxide 
When curhamino compound* are formed wiih hemoglobin, 
hydrogen k»s are given tiff a* described in section J.9. l he 
hy Jrnntr. mnv are buffered within ihe erythrocytes by lieno- 
gkibin, 

* the largest fraction of carbon dioxide entering ihc crythto 
c>irv \\ hydrated to form carbonic acid, in Inrn. hkki at ihc 
newt) fanned carbonic acid inni/cx to give hydrogen wm 
and bivaibortutc ion* theve reactions priced because iwu 
process** remote the reactionproduct-* from ibe ctythmcyt*s 
a* w?on a* they are formed foemoijkiNn buffer* mmi nf the 
hydivgen ions, and much ol ihc bicarbonate diffuses into ihc 
plasma 

Stune of the hydrogen umii an vine hunt varhnmiiw—*COy 
lurmaliofi and from nmi/atton uicarbociiv nJid combine wicll the 
buffering groups of the hemoglobin nvokenk, Utr.nin^ them in ihe 
add direction. This proves* is shown a* (he arrow from point -f 
m point H m figure I d Ihclitnujim nf hemoglobin i* accompanied 
hv a small fall rn Hie pH of the bloixl 
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|o tirjf+iicst repTf*vniali 0 n of the taiftcnnij <if hydutgcn wm* 
by I-<rrn>£V4'trt when jalctut blood [M-Viev ttirqggih the tiwuie* vml 
oulii mduk^in (» rtirikjJly reduced ( un«t conLirucied fiwn tJ w d*iu 
Mf Hiku and ftmifihlctn, 1%), J Ptmktt. IN 1 *:I IKcpfidmcil be 
permission, * 


\s (hr sunk lime carbon dioxide is being delivered by the 
iisMH% lo (be MixkI, viime oKyhemo^lohtn 4s being reduced and 
reduciioc of hernockibin mokes it ;r weaker aid C Uftwqueritly. 
hydrogen ions are taken Up by reduced hemiisJohin Fhiv process 
K ^hewn m figure I If h> ihe ann* from point H to point t which 
represents ihe amount ul hydrogen ions taken op when one 
nnlliequtv.ilcnl of piy hemoglobin is "n percent reduced 

Both fftvc^scv -liindtoti of herrmeohn and its reduction - 
tecyr simultaneously,. and the actual buffering ^ hydrogen isms 
is i t|pr« settled by ihc umm from point -1 to point C 

Hie Inn* of elect r km I neuir.thly of solution 1 ) uppties within 
ihe Cf>throcylev There mmi he the same number of positive 
tome charges m volution as there aiv negative charges Memo 
gkihin, before il Kiflert (fie hydrogen ions, has a certain number 
of net neaaiivc charges. These ncjuiive charges arc balanced 
In positive charges itfcunon* wiihin (he erythrocytes. ihccahofo 
being chic II y potawium awl sodium H>ns. 





1.11 Carriage gf CO* QuaM alive Aspect 


31 


When carbonic acid inuircs is loams m equal number of 
hydrogen cation* Lind hu.ajbon.yte union's (he livdiojjen tuns 
cnmNne with hemoglobin, and the nei negative charge on herrw- 
e^hm is reduced riUavsatim and stadium loin are then balanced 
electrically igamsi huai borate .intone, and electrical neutrality 
of She sohjiwn is maintained 

Bicarbonate ions v-iihm the crylhrocyies are in equilibrium 
with bkorboiuiie ions in (he plasm. u As the result of (he changes 
which occur when arterial Mood becomes venous blood. rise 
bteaihorute s on sent f.i liun of l lie ei ylhrucyle* ilICKincs, arid the 
h#cafW>rwtc concentration of I he crythfocy its is no tamper in 
equilibrium w iih thal of pliisirta, funsequcntly, bicarbonate ions 
diffuse It out eryihroey les into plasma Since hs arhunaic ions are 
negatively churned. clectmal neulrably n! ciYihTimvirs and 
plasma would be tfisiurbcd unless one ot two thing* happened 
cither an equal mimK'i of positively chanted cations could «lso 
diffuse from erythrocyte* intu plasma, or an equal number 
of negatively charged! anion* could diffuse from plasma into 
erythiocytec l he rntmihrunc of ihe cfyih^otyLcs i* impermeable 
to canons at least over the very brief lime in which These ex¬ 
changes Occur, and inward diffimun of .totals Uike^ pJiice- I he 
an tone available in plasma are chloride ions, and chloride ions 
diffuse into erythrocyte* as hivarfHinulc K>tts diffuse uui. this 
exchange -ihe chloride shift - continue* until equilibrium is 
reached As ns result, the concentration of NcalbOhaic i n pU*mn 
increases, and a large part >>f curhon dmciiie added lo venous 
Mum! is curried in ihe plasma. This is the result, no! of (tie weak 
buffering pi>wer tff plasma. hul uf llie strong buffering power of 
hemoglobin within ihe erythrocytes, 

Husma iind eryihrueyifis ate m iMinoiic equilibrium. I his 
mc.uw that each volume irf w.iter in ftUasmu eonlunts il>_- same 
number of ovmoiicalty active particks as docs an equal volume 
of water rn erythrocyte*. The osmulitvilly nclivc panicles wre 
chiefly ihe small ions such as sodium, potassium. chloride, and 
bkafbofMic tan PUism-i proteins arxl hemmloNn. hemic Litix 
molecule*. have slight nsmoiic activity, and only b A per cent of 
the 0*1110111 pressure of plasma. 01 erythrocytes is the resuli sit 
tbe pK'scnce of these molecules When carbon dwtale is addest lu 
Mood and goes ihrouf h the ichci ions dexcifhed ithtive.one result 
i* lhal Ihe rwt number of negative charges on hemughtan i> 
reduced, and the nej&iiivc dharpes are replaced by chkvride ansi 
Mcarborwite ions Ihese ions ure osmotic^lly active, while (fetf 
hemoglobin Lhafpes they replace have nefUgihte osmotic aciiviiy 
\* j result, ihe totiil tnmolic pressure of the interior of crylhnu 
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cytcs i'lKfca***) and erythrocyte* tue no hMiji-r irt osmotic 
equilibrium with plasma hi ordei that equilibrium may he 
required, watci n*ovcs from plasma into cryihrocyiev t un^- 
qucitily. erythrocytes swell slitthti % as arterial blood becomes 
venous 

1 he chcirtEc* occurring inerylforocyle* as they buffer cartHin 
dioxide Mire shown eei huiurc 11. which, lojcclhcs with lijiUrt M H 
describe* qtuiJfaitively events taking place in tissue capillaries 
the revei *e processes occur in the lunge as Wood gives nlf 
Cdlhon dioxide and take* up nxygen 

The rales, at which aJJ these reactions proceed have no effect 
upon I he equilibrium finally reached, tor Hie njuilirbrium n the 
same whcthei it is readied rapidly or slowly However, the rale 
of circulation of ihe blood sci* lime limits within which ihe reac- 
tw>ri' nniisi occur Erythrocytes spend ks* than one second in 
the capillaries of ihe lungs, and during 3 hi* brief period the rciic 
Ijoii* w tiiL'h liberate carbon dtocidc from venous blood into ulveo- 
lar bit must lake place All the reactions, with one exception, 
ahr very rapid. The exception is the hydr.it ion and dehydration 
of c.utHifi dioxide described in equation \ >fr)_ tn Ihe absence of a 



»• * >' Sch*.-tin 1 k ir|Xt>rnla1n(! ol (lie piixe.ifs ICO rnr-g when 

cartiou dioxide jM^trs from uscue* into eryibtocyH-s 


32 


















112 Carnage Of CO; Quantitative Aspectr> 


33 


catalyst Ihiv rtM. rum .. slow One If ihc iincatalv/td nilc of 
dehydration of carbonic acid were the limiting reaction in (he 
Minn, (hi- liberal loo of carbon dioxide from erythrocytes in ihc 
lung* would rc^oire I" H i seconds UJ reach *>0 per tern of 
completion 

Almost all the carbon dioxide which is hydiaied oi dehy¬ 
drated when blood lakes up Of give* ofT carbon dioxide nrxkrifcoey 
I hose processes within erythrocytes when* hemoglobin as present 
t onse^ucnily. when carbon dioxide is hydrated. hydrogen ions 
hl'ciatcd by subsequent moi/aiinr of Carbonic acid -ire readily 
buffered, aivd, when ti is ikby dialed hydro (ten inns which mnsi 
oimhmc v,iih bicarbonate tons Are Available tium hemoglobin 
Iryihrocy les, hut nut plasma, cum.lin a high concentration of |hc 
enzyme cur home anhydride which c.iialyev hydration and dchv 

on of CArtHHl dioxide v J result of the prepense of (he 
enzyme, (he reaction wnhin erythrocytes occurs very rapidly, 
and carbon dioxide is taken up in the tissues oc hhe-raled in ihe- 
lungs m (he lime allowed by the rale of circulation ul the blood 
(. wilwnic ail hy druse, like Ltll tuber en/vmcv meieK accelerates 
ihe rate ui which equilibrium is reached Equilibrium states and 
buffering rcoctrons nccinmit; in blood would he the vmi( were 
car home anhydntse absent, bid in Hi,si case reactions depending 
ups in hydration or dehydration of carbon dioxide could nol occur 
in the brief time eiylhiocylex spend tn the cjifillaitcs of the 
tissues and bnijjs 

t ^ 2 .. Carnage ot Carbon Dioxide m the Blood 
Quantitative Aspect 

I he data in table I show the distribution of carbon dioxide in 
samples of arterial and venous Mood liken from* normal man 
(A.\ If.I al rest 

I tic firsi I iih' ai Ihc table shows th.d arterial Min'd cofltiuns 
21-5' mi dimples Of carbon dioxide per liler. Venous blood con- 
i.nns '*.?! mtIhmules per burr and ifie difference. I bh rndli 
moles, is the amount carried from tissues to kiimx by one liter 
of blood. 

(II the one liter of blood. W« per cent ix plasma and 4(1 per 
ceni is crylhmcx it' i’hc (HX) miIliliters of plasmu ol i fieri al 
blood contain a tol.il (if 15.941 rmlhriioles ol cafbon dioxide, and 
the whi milliliters of plasma ot venous hkvod com. n oud or 
IfkW millimokv I he difference. i II' millimoles, is the aniouni 
irf carbon dip vide carried in plasma from I issue-- iu lung*. This ix 
ci' pet cent off (he total amount earned, < M Ibis 1 ii^ millimoles 
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onli IMW millimok sx earned ms disolved carbon dioxide, and 
the rtrnutirimj: tJ.'Jf* millimote is carried ax hfcarNmate tons 

t i 


DmtilnMiaii >.* I ^Kut Dm vwk * fine I ilei of Nniiuii Human BSMlfufUjiitiiu 

Ml Ytillwqinvjfenls uf Ht-nHwhil-iiri pel L iln .trKil H»m|i J IkimdiKnl Ilf 
*•' IVf I rfil 



1 mmn 

ibfft i’ 

Total t n, in 1 liter nr nliwd 

21.M 

: .t 21 

ft.Ml 

Tola! i 0 :l m p^iMtu ut l lucr 
of Mnod tAINi milMitci^t 

|A.W 

Ift.W 

+ 1 IB 

As dnsniued carton diourdc 

071 

a.M) 

+0.II9 

As biLiirKrn-iilc ions 

15.23 

It. I* 

+ 0 **tfi 

pH 

T 4*5 

7.429 

-0 il2ft 

Net rv:^ aloe cturics on p nmj 
proteins 

T.iiV 

1M 

-0 09 

t hVinik ions 

5$, 59 

5K.72 

QJ? 

iatj) t u P m erythrocyln s»i i bier 
irf Mood NlHl unWIItersI 

5,<* 

*.n 

f <t 63 

As dissolved c,nIxin JmiviJc 

11. U 

H » 

to m 

As cjnfHuwio-COf 

IL97 

1.42 

+0.45 

As hicarhun-rte Hurts 

4.3* 

4 4| 

*0 |3 

Nci Oo4tii,r o*i Hetao^iahth 

;:.w 

:i i> 

1^ 

( Hondcr nuns 

IK 1 1 

|f( ms 

+0X7 


Vil li r Duln Ofl ti'k^J ill \ V (t udl^lcd fliilti I I Knulnv^ ffjUxf |% tfr 
I. fcier>i(> Plcm New Hjhc*. mf'l. ld(rfiNl«oi Hi [Krniiimm 
Alt i-Mfi r v.cp* rn JJe in nittfemjhr*, m the tdumc ipeiifMJ 

I be 4IMJ iwllililcfs id erylhracylcx m one tiler of btood 
cam 0 M nfiillunok of x,trhon dio\*d& front tissues to Inny^ Of 
ihrs (*63 millimole, orth it it* rmtlimolc >s carried ax dissolved 
vjirboo dioxide, Cl. t 5 millimole a\ hkarhHrviic iOi>' and iJlc rest 
as curharmno CO,. 

I1k;%e data *hu« lhat ihe major IracUtw of carbon dioxide 
n earned tit plasma Nevertheless, hemoglobin uiiluii the eryih 
recytCH i* responsible feu citmugc of mod of the carbon dioxide 

I"h<" thou m til carbonic wad formed in pUmpii .uid buffered 
t’i plaxm .1 proteins can he v-Jiniuied from the data *vrfc plasma pH 
and the change in the rujmt'xfr of negative chareo on the rroleins 
Masma pi o terns are lit rated in ihe acid direction ua ihe pH fells 
h> (I t>2fi pH unit* and thex lake up a Mai ofOIW millimole of 
hydbopcri tons. I hese hydrupcri ions come frofn carbonic acid 
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formed in [he plasma. and the hkarbunaie ions wh»ch result from 
fo* nuiiton and buffering of carbonic acid .ire curried in ihe plasma. 
However, Jt Total ol 0,% milBnwk trf bicarbonate is tarried in 
ihe plasma, The difference between 0,0V and CKVft millimole. or 
O R? millimole, ls carried in the plasma because hydrogen *on» 
formed at (he same time urc buffered wtihm ihe erythrocyte* 

Ihe contribution of hemoglobin to c [image of carbon 
dm vide t in be uTiderstninJ from a MikJ>' of (he lower pail of 
tabJc I A total of l,J> millimoles ol hydrogen is fom^cd 
wiihin Ibc erythrocytes, and the nei number of negative charge* 
on hemoglobin diminishes by this amount. Of Ihe led jJ diminution 
in negative charges, a decrease of 0 4* mil I trunk occurs on 
account of carhomifiO—f <)- formation When n 4* mill|mole of 
eafbamino—(. tJ* iv formed. U.45 mdlinmle id hydrogen tons »* 
given off from the K NHCOO group. arid buttering of this 
quantity or hydrogen km* diminishes Ihe net negative charge on 
hemoglobin K unequal jmoufil. II. as dcsctibevl in section 19, 
additional hydrogen nans arc given off from R— NH; groups 
lI tiring fornwiiieo of tfarbumino compounds, that reaction does 
noi affect the net neg.mve chaffc on the protein, funhe hydrogen 
ions liberated art simply transferred in another buffering group 
on the hemoglobin molecule, I he rest ol the change in the net 
ebar iie on the hemoglobin molecule occurs when hydrogen ions 
arc liberated by carbon ic acid This read ion produce* I ft* mi Hi 
molt of bicarbonate ton*, and u ;iccuunis Iot a decrease of I ft> 
millimole of negative charge on hemoglobin. The total decrease 
in chance is therefore I 45 nuthmales Of the MKI millimoles of 
bkarHoiviie. it H? diffuses info the plasma in exchange for chh> 
ride iorts 

l he lofal a mount of carbon dioxide cal tied from tissues no 
longs is. in this example, 1,68 millimoles. Of this total, I milli 
moles is buffered by hemoglobin, and hemoglobin alone is re spoil 
sihlc for earn,tee of Kl per cent of (he carbon dioxide. 

1 13 Fundamental Equations 

hi the toflowing quantitative iksiiiptiwi of the eunimrcif carbon 
dioxide in Wood a conventional system of symbols will be used. 
All quantities enclosed in square bracket* represent concentra¬ 
tions, I he sob%cnpls p and r refer lo concentrations in plasflu 
and eiythrueyies, respectively, thus the term means 

the c once n trillion of bicarbonate in plasma 

total carbon dioxide of plasma exists m three lorms dis¬ 
solved carbon dioxide, carbonic acid, @r*d bicarbonate a>r»> 
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(itvtrn the final carbon dioxide content of plasrnu and the pH. 
the concertino ion of hicarbottiile and (he partial picture of 
Carbon Jiniiifc C.m he calculated 

When a gas vt'v tit a liquid. the concentration of ibe 
<n (he liquid dnrctfy proportional to the partial pressor* 
of i he guv For carbon dioxide in plasma. i hi % f;i?i k represented 
hy the equation 

[Dissolved COtJ,-*' P llh (J«) 

where o is che pfupottionaiiiy constant. 

Dissolved CnirKm dioxide is in equilibrium with v.UtKHiK 
avid as t-xpie^ed by (he equation 

COj + HjO ^ H,CQ». 13*#> 

Since (he ouncenlulion of dissolved carbon dioxide is directly 
proponiofLil to the the concentration of airborne acid must 
idvn he directly proportional io it, If (he dissolved carbon dioxide 
urd ihc carbonic acid concentrations arc each proportion id to 
cht their sum alio is, 1 Ims fact van he expressed by 'he 
equation 


(Disuilvnl ( O, + HjCOiJ, ~ o F A Ui , f-icn 

Ihc equilibrium represented by equation (3**1 is far to the left, 
and in plasma the concentration of dissolved carbon dioxide is 
about l.iMKO tunes higher than the concentration of carbonic acid 
For the sake of brevity, the term [Dissolved t O t * IK O j 
c.in he wriuen as |CO ? $, and this term it understood lo mean 
the siim of the c«wcn 1 r + i£nms of dissolved vurhon dioxide and 
carbonic avid, of which the concentraimn of drswdved carbon 
dioxide is hv far the Lunger part. In subsequent equations ihc vym 
hoi ft if. | will have this inclusive meaning 

(Jung (his definition, equation i-Uh c.m be written 


ICO*]* - a (41) 

the proportionality constant. a. in this equation is only slighily 
different ru meric ally Irorti (he constant *T mi equation i^m. 

C. atvonrs acid rom/Cs accord mg lo the equation 

H,rOi — HCO;+ K’*. h:j 

1 1 can he shown llieui cl i tally and continued experimentally chin 
the relation between >ubsiaju.es represented in this equation can 
be s vpiessed by the m.tss-melton law: the product of the COfkcit- 
trutkms of substances on ihe right divided by ibe coneeniraiion 
of the suhsiaiKC on the kfi is equal to a constant. 


Mi 1 IKO | 

[ii.ro, | 


JV, 



1 13 Fundamental Equations 


The concent nil ion of carbonic acid is proportional to the con 
ucfiEi^iiiiun of dissolved carbon dioxide. ( onxequcrctlyc ihe term 
KOJ can I»c subadituted for the term ] H.l'O.,1 in the denumma 
uir, and Il>c numerical value of ibe constant is chaffed Ihts 
gives the equation 


TH-MHC-Oji] 

ICOJ 


A, 


H4J 


T-*kin|jt the logarithm of both sides of the equation, we have 



I45| 


f (if k^,» tlhm ol the pfoducl ol Iwa quantities Kequal to [he sum 


of the logarithm* of the quantities. and 


to* l H ' H tof ^ ” !°f K 

i-ibi 

Transposing we base 


IO*(H-) = log A —la# 

i47j 

t hanging signs or boih side*, we have 


-l..(|HJ--lo#», + lo#'][Y > !' : 

■ 4S| 

Since Ho* [H ] is pH. and luj! A is called ph: 


pH - pA + tot fflsgjjf 



The pH of The plasma can lie measured, bur I be re are no direct 
analytical met hi ids for measuring (he bicarbonate and dissolved 
carbon dioside concentration^. The two quail lilies which can 
be measured are the total carbon dioxide concentration and the 
t \,, VcconMrtg to equal ton <4lh the convenient ion of dissolved 
Cuban dioxide is directly proportional to the Fb»* Therefore, 
the term ' u r „ can be substituted in the denominator of equa¬ 
tion 1 4'H, icjvinu 


pH - pA + log ( 50 ) 

tf MIS 

Total carbon dioxn.tr of plasm*; is the sum of bicarbonate ;u>tf 
dissolved carbon dioxide concentrations If the loud carbon 
ilnnidi 1 content mi ion is known. lire btcarbonalt concentration 
can be takenfated by xuhqf&c¥t0n 

| Tolid ft).], ICOsIp^ [HCOjJ*. I5l> 

I HC OiU- [Total COfl,, K i^> 

Substituting equation (41 > in the Iasi equ.itinn we base 
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Writfi Happen^ in siood 


fHCD.Jp- [Total COi),-rtf’, 

Svbti dining the right-hand term in equation <*411' «£ have 

pH - pK -■■ kg - TU1 ^ CO d *~ " ■ IM* 

a P, 




fhtc equation carmans i^u constuiiti, cjl li of wludi has 
been measured When the equation it applied to plasma ul hod> 
temperature. when the quantity [Total is in mlfltmntei. 

/•ft itfrt .1 in<i *hcn (he t\ i t is in mm 1 Jg 

pfc -fc.lt>* and <i U. 030 I. 


Therefore. 


pH - bib ♦ log 


K.ini ( o |... u.iiUu r, , 

0.030! 


(55* 


the limil equation contain* three unknowns pH, [Iota! 
to,!,, anti f\ ij, If any ivto are measured. ihc third can he 
calculated 


1.14. Calculation of the Partition cd Carbon Dioxide 
m Plasma 


When ciftKiiiun (55i is used, the term [ lul.il < C3 ] p nuisl he in 
fUillmtok'H per liter Vnalytij.nl hguies for this quantity ate some- 
■irni-v reported in volumes per cent, and the figures must he con¬ 
verted to imllimoles pel liter. Volumes per cent is defused as the 
nnniK'i «l cutae centimeters of gai contained in I<Ki imlliliLcni 
of fluid. If the totut caibon dioxide is i volumes jses cent, ihese 
arc i cc of gas pet I (Ml milliliters or Uh cc pet liter One mote of 
carbon dioxide at standard temperature and pressure Occupies 
’'.’h liters, oi 22*2611 cl (Note ifrm the volume occupied by 
carbon dioxide undo these condhton* is slightly smaller than 
the 2? 4 liters occupied h> other gases, h Hence 

IQl 

(Of ee per liter v ;;, moles per titer. (5*1 


Ittt 

tl.ltAt 


rook i per lik^r 


UXilt Iftrl t 

„ ^ mtHimok* per liter 


i^Ti 


Millimoles per liter 


r voi *T 

2.11b 


(5K| 


I he number of per can divided by 1 ’> citiuh the 

number of millimoles per iirer. 


The s.,tkK iH pA Jtprnifs «|mn ihr mnlml K whit'll J Jjplcimiitni 
«P*» thf (fwpmilurr, i*J «pw ihf pli I Jiffi fm it* nsm |ski V wurt, 

illlli hflHCs IJiifll fi l u uil Ihr S« "'iljij.ulll \ndnKh. S.,.vr.f J 

Ck* f uO iw-ri 1 a <*- 
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I he method »f using equation (55) lo cokiil.iic the partition 
or carbon dioxide in phsma is illustrated h> example I I. 

Example 11 Hl.isnu samples «jf artcnal and venous blofrj 
‘were analysed for pH and total 1 cartam dioxide I be ob¬ 
served values are given in the lint two lines dT table 2 
l Nfcubtc the P A [C’ 0 ,J,. urul IHCO,),. 

Tabis 2 




1 rihAUi 

pH. hy rtTejisuiement 

1 M 

7 w 

i out ( 0„ sol * t. by jfi.ilysis 

39.4 

620 

Tisliil C Oj , mMi'i 

2h 7 

27.K 

f' mrh. Ilg, 

V* 

45 

(4 U } p . mSI.'l 

1.2 

14 

[HCOJp, mm 

25.5 

36.4 


first Stop 1 he iu4<d carbon diovdc in volumes (*cr cent 
must be converted to millimoles per liter 

■ 59.4 vni r r i - :h.~ Jn \i i 

il £.0 vul ^ I,‘' 3.226 37 .H mM'l 

SocosrP 5 fc?p Subsiit Lite ifo* known values in equation 

for the urieri.il sum pic the equation becomes 


’ 44 6 ] 0 ■*■ Ipc 


3b.? - tttiKM t- , T 


iimn p t ^ 


l t4 - log 


!b J i> 


SSi 


mm r 




lake ilu- imiilojuntlifh ol both sides of the equation: 


_ 3 b. 7 - 0 .IIMl r,* 

antilof \M - WJ# | p nj| • 

I he diihrlOvaiithm Ol 1.34 is 2 I.KH 

^ ( 1 . 0)01 P ttH * 

2 l.Rrii 0 . 0 Kll - 2fs ,7 «l OKU 

« P, tM 4- 0,0X11 P.2b. 7' 

(l hSH ».7, 

/•’. , H Jfc7iO,flW ,w mm H k ‘ 

Third Step rbe concern ration ul dissolved c .irbon 
dioxide is unen h> the equation 













What Happens in Blood 

(C Ogjlp ~ (1.4001 /\ T „. 

Sub-iidminp i he calculated value of P iiH 

ICO,], O.itm IW 
- t.,2 mVM. 

Fourth S rep. I he bicarbonate cnnccnEraUcm i-s the differ¬ 
ence between hit*! carbon dioxide and dissolved Lstfhun 

dm tide 

HCO;[, 26.7 J.2 - 25.5 mMi 

Fifth Step kepen* the calculations lor venous btood. J'hc 

values obtained -ire entered in table 2 - 

Cbkulalionv iiMPy equation l*5lare standard mil hemal Seal 
operations. If the values are assumed fwf any two variables. the 
necessary thud '. .inable tan he calculated I hu>. d one assume* 
thm the pH is 7,40 and the iot.il carbon dioxide concent ration iv 
50 millimole* per liicr, the must he 47 mm Hj* One could 
continue in this stay to assume valuer for all possible comhiiu 
lions ami to calculate ihe neces-ian, value tor the thud variable, 
Onei- this June, the rale illations need never be repeated. 

Ihe results obtained b> (ho. senes of calculations could he- 
ortlcred in a table, hot the table would hr long and diflkoJl to Use 
Imli; ad, the sallies ran l>e expressed in u nomo^mm \ norno 
jerum i> a chad on which lines are diawn whose fccnjilh and shape 
have values satisfying an equal ion or an empirical relationship 
A sinu$ht line placed across she no root ram cols ihe lines a 
valuen satisfying ihe equation. N, iwniu^nun describing ihe 
Carbon dioxide system of pi anna is shown in ftpire 12. 

I'o use the rkmKvjtram pb*« * Mraiitht editc preferably a 
ir:msp;ircnl ruler. terms the line* \,i ihai i< tins ihe lefl hand one 
,il the known value of tola! carbon dioxide con central tun of Ihe 
pfisniu and cuts flic pH line al the known pH I he ii read ihe 
Values of f' dissolved c chon dioxide, and bMithonate where 
l he straight ed^e cnls i-he- other fines 

I 15 Calculation ol (he- Partition of Caution Dioxide 
in Whotp Blood 

Whole hlsMsl ts a hctcroipeneous system composed of plasma and 
erythrocytes Although like is the same within plasma 

and erythrocytes, ihe com cmr.inoiis of dissolved carbon dioxide 
,nnd btcaibenialt in ihe Iwo phase* differ The reason will he 
explained below. 1 oncen,iration of iliese within ervlhrov >ie* can 
be calculated from analytical data obtained on whole hlissi and 
plasma. 
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1)5 Partition CO- iin Whole Rioo-d 


I utal carbon dioxide m 4 tiki of Hood U equal to the mn 
of Cm him diL»\cdc in the p Laima of Lhat liter plus earKm dioxide 
in the erythrocytes of that liter, I he flue lion of ihe volume of 
a liter of Wood which is made up of cryihriK>i<s iv called I, 
it ikcwnc, Ihe fraction of a Itlet or Niwd which is made up of 
plasma is \arhJ ! ». corals it I t I'be expression Iota! 
CO,], means the number of millimoles of carton dioxide in one 
liter of erythrocytes Since there are l , liters of erythrocyiex in 
one titer of Mood, there arc l , f Total < < >. ] r milfimtifcv of carbon 
dioxide in ihe eryihrtKvtei of one liter of blood: 


T»toi CO* 

voi. stretin co * »» ** 


m M 





COh 


mU par L 


- O 


I 1 
1 4 
i ft 

i « 

It 

I 1 

I ft 

1 0 
II 

2 i 
2 1 
1 * 


1 

o i 
0 + 

0 ft 
ftp- rc 

P** 

& » ■ 

0 ft 1 


*i 

ftp 

** 

co 

« 

to 

Tft 

go 


H 


i*J 

ftft 

4C *0 *9 

r 9ft 
to 

« 
fa 
" r «ft 
>0 

5ft ; 

90 

.1 r 4 n 

4 □ r 


10 




i o 


>4 ” 

ia; 
»5 
16 
• 19 

■ p 


CO, 

e*t L 


Tip 12. Sonium-MU (it cipanon 1-Mi. I rtim Mel ram CHs, phyuof. 

An in iK<|i|idlKfif by petmiirvion. I 


<'Oj in tells of one liter I [Total t o |,. "''•■i 

I ikewise. the expression [ Total CO,| f mtaitx the miibher of 
nullimokf of carbon dioxide in une liter of plawnn Since then? 
are !■'„ liicTs of pliisjn .1 in one liter of blood, there are V p [ lofiil 
( Q|)p (itiMmOles of carbon dioxide in the plasma of one liter of 
blood 

t O, tn plasma of I iiler - L „ | Total 10 ; |, IbW 1 










What Happens in £3ioo<* 

I he expression [Total i O .Jft means the number of milh- 
moles of cartoon dioxide in one liter of whole blood Ihi^ is ihe 
suit nf the cHlbnl dioxide in the erythrocytes and pf.iunii, 
TUcnftwe, 

[Total rOjli 31 K [Total CO,), + l ( .(TaiaK O I [„»l*n 
ur 

| lotulf 0*1 1 - I 1 Total ( Q ; |, + ll - I.) 

[Total C O f J,. i62i 

I hi* equation inxti 

[Total C&J^ - [Tolai CQ t ) t - f I - i\ I [Tota l COJ,. 

V * f63) 

Strive l , [Total < (and | Total t'OjJ, can he measured, 
ihe nince rural ton of carbon dioxide tFt erythrocytes cun he 
CakiikdCd 

ham non of total carbon dioxide of 1 erythrocyte* into ns 
Various form'- i* more complicated Ihan the partition in pfasma, 
Carbon dioxide i* earned in erythrocyte* in these Forms dr* 
solved carbon dioxide, carbonic acid, hkarbonaic ions, and 
carhamino t i h ,\x in plasma, no distinction is made between 
dissolved! carbon dioxide and carbonic acid, and ihe 'nm is 
called “dissolved carbon dioxide " 

It the P , of pEasnu i* knoun either by Joed measurement 
or by cak illation, the /' of erythrocytes is known feu the two 
are the same ! tie cor cent ration of dissolved caihon dioxide in 
eiylhmcytes can he culciilaiiid from the P, and the solubility 
coefficient whose xaloe lor ctvlhroeylcs r* 0.0-5 wlten the 
i». in met Hj! and |rOii is in millimole* per I Met 

[CO.J^OTEJfW (641 

lif ihe total cartoon dioxide of erythtocy tcs is calculated 
by ritcans of equation MMi and the dissolved carbon dioxide 
is calculated by mettn* id equation iMk the difference between 
Hk: two is carbon dtoxidc coined .is bicarbonate khi- md 
Cuthumino —i O*. 

[To*4i t o-h - |ro,|, 

] IH O, i 4 ft apbammo—<'0,] r . ih<i 

The ,imount of onbn mi no CO* can be calculated ns described 
fii example ■**. Ihe calculation requires knowledge uf the .imoqnt 
of hemoglobin and its pcrccniane sutur e ion E xcept I'm research 
purposes* this cakokitiofi it not particularly useful i onsc 
quentty. it is usually omitted, and the difference between total 
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1 15 Partition oT CD t in Whole Blood 

carbon dioxide sind dis wised ciirhm dioxide is called the ‘'Near 
N»n,iie concentration of erythrocytes ** I his is not strictly true, 
as the ditta in table | show However. L n f.u as ihc buffering 
processes i it HimkI are concerned, Ihc distinction between 
caihiiiDyrto^COj vmd bit urhufinle can he ignored li the Iwn 
form* of cLiirboit dioxide are tailed “ bicarbonate. 1 " equation 
ih^l must he rewritten a* 

(Toed CO t ], KO,],-nNCOi|,r mi 

Thi* equal ion will he used iir llw discussion to follow, hm it is 
!** strictly true. 1 he a* sum prion underlying! he espial ion can not 
he used when Jrflusmn reluiHJuis heiween pLi%0M and erythro¬ 
cytes are being considered, for tacarbofute ions are ditfusahlc. 
while earh amino—CO;. heifift Attached lo hemoglobin mole 
cult*. is not. 

Ertampr# 12 I he same rumples id arterial and venous 
HihxI described in example \ I were found to have total 
carbon diovnk in whole Wood and l as shown in the hist 
iwo lines of table 3. 


Table 3 



ttft'Uiii 

f>J*NU 

1434ul CO,, whole hltwd. sol %, tsv .rruihus 

45.N 

47.5 

i . by measure mem 

0.47 

0 51 

i' ,. mm Hy, h> Cakii^iMiA. ciAinple 11 


4' 

1 . 

0.53 

0 4si 

TtjOil CO,, whole blood. mMfl 

Si.* 

31 t 

lo*nl ( t) f , fil.Lv hi.. i n M 1 CS-* nplr 11 

3*7 

27.H 

Portal i 1).. erylhruole*. mM.’l 

13.7 

|5 0 

|( '0,1,. mM l 

Ml 

1-1 

" Hto| rmM! 1 

l?7 

1)9 


Cakukiie the goner nltalwm- of dissolved carbon 
dioxide and bicarbonate m the cmhiogytc* 

Firs! Slr?r; In the arieri,il sample, 

I f. ■ I I, i ” C1 0,4" i 0.5J 

In ihe sc no us simple, 

i - 11 — * r i i I - u 0 -W 
Second 1 Step Iri the .me rial sample, 

45.H vo) ■',• t/2.2.^1 ■ M.ft m\\l\ 

In the venous samptc, 


43 








What Happens in Blood 


44 


( 47,5 vol > 2.22* ~ 21.1 mM.'l 
Third Step In the inricfial >.ufipk by equation 



In ihe venous vamp k. 



Fourw Step In the arterial snmpk by equation iMi. 

ICO,], »( 1 . 025139 * I.OmMl 

In the venous wimple 

ICO,] (1,02514J ) - U mM.'l 

Filth Step In the arterial sample by equation (hhi, 

**iIIC Oi]/'« <13 7 - | Pi - mMi'l 
In the venous simple. 

> 15.0 M 13,9 ntM/l. 

1 it The pH-Bicarbonate Diagram 

The fiitidiLmL'ntLil JaLi useful m the study erf the ac id-Rise pullem 
id plasma ale the pH, the t’ .-t- m nd the tauohuiuic concentre 
non rticsc arc related by ihe equation 



X- 


(#71 


fl.O.VH /\ dU 


A useful way of pkniutac these variables n (he pHCuciirboflatc 
diagram shown in figure 13- The pH Limisurr plotted as 
nad the bicarboctirte concentrations ire plotted a* ordtiMies 

Al jhi point on the piiiph where a line representing pH 
crosses u line re present inn bivarhonaie cool cm ration, there is 
ik unique vdue of T'i .. If pH mil bii^ihinvuc cotKeniraikMis 

ufe known, F, must have a single value which will sutisfy 
equation tn‘k fin the other hand. il pH and f\ .ire known, 
there cun be only one value id bicarbonate concent rut um which 
will vitisfy the equation Mieiefore, we can find the locus of all; 
points on (he jir.*ph .r which the h must be 40 mm Hp Ml 
points lymn on the kkCU' have the time pfessupe of ciirbon 
dioKHk-. .oid the locus is the isoh.jr 

Eaurnpta 13 Determine .*ml plot the I*,,. isoKu tut 
t\ ,n equals 4tk mm Hp 

First Step \sviune that the pH is ".14k Calculate the 

bK iixUwi.»ic concentration 
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O'i 'V/l 



f'kg. 13 The fH ' -in-.il,,k- widh P <nt isobar* for f\ 

Cdoa] IV 20, 40fill, Ml] $0 likffi H( 1 he coffecniralkm of hydrogen 
■ m- - H »r‘ f*,.i,- f.-i In:-! .- ti.tf I hi- ...,li .1 Ititf :"r- "1 Hu' 

ipii e 


7.60 - MO *T" 


i,* I ”1 lliU 

^tl.DODMJOr 


1.50 ^ kw 

Fib 


The aif(iliiir.trnhni of I.Jfl is '1 h hciKC 
31.6 

| Hf O] |„ - \1 9 inVI11 

When P {is 40 mm Hu jn-d pH is 7.60, the hic.iibundle 
cnm.cntr.jinm miki he 37.9 millimoles per liter llut is 
plotted ns pcrtnt 4 in figure I 1 

Second Slep 35liert these t jLj I alums jie iepejieJ foi 
each nf ihc pairs of sullies for pH and #V*j javen btlow* the 
hie.itbunuic ennocoiniiinm jrr, to in the (bird column are 
found 


mm Hu 

pH 

fHCCHL- O i VI . 4 

40 

7.50 

30.1 

441 

7.40 

24.0 

40 

7.30 

19.0 

40 

7.2il 

15.1 

40 

7. Ill 

12.0 









What Happens in Blood 

These paints arc phffled ax fl. ('. f>. k, and t ^hcn ihc 
points ate connected by ;■ sininull curse, the F, ,, equals 
40 mm Hji isobar is obtained \ny pair of values of pH and 
bfcarborviUf conscnlr.ilion on plasma whose P ,- r „ is JO mm 
Hg miivi fall on [hi* line Isobars lor other /' ,, r \ can tv 
calculated. and those lor 20« 60. and ;u> mm He arc pbnted 
on the figure. 

I 1 7 The Butter Value of Separated Plasma and of 
Gxya^riatwi Whole Bipod 

tMien the acid-base pattern or Mood is studied by method- 
described lieie, 1 he data used me the pH. P,. aikl hiCwrbQmtrc 
corKcniruiion of plasma Section 1 11 explains that the major 
pari of ihc buffering power or Mood is in erythrocytes and I hat 
plasma .ilnite is ,i poor buffer. I m this reason a distinction is 
rnuik between true pia\nm ,irtd M-paraitti ptuwnu 

True plasma is plasmii removed from cryihrocyics under 
rigid anaerobic conditions vo tii .i no carbon dioxide is lost 
before ihe plasma is analyzed. If win s h-inue in tire P. is mask 
for ihe purpose of studying the buffemip puwci n p hload* the 
change »s made before ific plasma is removed for analysis, l here- 
forc. the phism.n pH and ihe bicarbonate concent ration ant 
affected by ihc buffering power of the efTthroeyle*. When the 
d im aic plotted on a pH bicarbonate diagram, they shots tlie 
buffering power of plasma plus erythrocyics 

Separated plasma is plasma removed from cryihmcyies 
befoie .mv change is made in the fV-i. I tie pH and biL.uKm.Lte 
concern ration of separated plasm ,i do not reflect Ihe hulfcnng 
power of hemoglobin. hot aii$ changes observed .ire ic-solis 
iff ihe buffering power ill'pi its ma alone 

€>tannpfe H A sample of blood w;lx obi-uned. surd the 
plnsnvi was separated from ihc ciyihrucvie-. Four small 
samples were equilibrated with gas mixtures cotilaimitig 
Vinous pcTcenlaecs of cjrbuir dioxide The temper mu re 
w,is .17 i . ,md the huromcirx pressure wy» 635 mm Hg 
\t the end of equilibration the gas phases ami the plasma 
were analyzed for carbon dioxide. Ihc results .ire entered 
in lire lust iwo lines uf labk* 4 I'idcuLite the f,pH, »nd 
bicarbonate concentration of each sample, ami plot the 
fesulU on ti pH biLjtbnnaie diagram 

Ftf&l Stop < nkulale ihe Correction rmi*i be made 
for the vapor pressure of walci Ihe dry gas pressure was 
6" 47 mm Hu i. or Nib mm Hg F nr Ihe lirsi sample 
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Table * 


S^ndffi/ flfeoinu iV(», 



I 

2 

i 

4 

’? ( <>, in phase 

104 

n.y 

51 

3.4 

1 l>1 ;il CO fl plasma. rtiM I 

17U 

2*0 

24.5 

2VT 

t iJh mrn H§ 

t*>2 

50.5 

32.2 

23.7 

ft ti ] r mM?l 

2,0 

1-5 

111 

0.7 

(HCO L . cnM, 1 

25 a 

24.5 

23 5 

110 

pH 

7.2*1 

7 W 

7 4* 

7ftfl 


Ptv, 10.^1 flfn ftft.2 mm H|t 

Soccnd Stop r a leu Ule ihe dissolved carbon dioxide 

cwKenlriilion 

K 0:], - 0 fttCNiftft.ll -10 niMH. 

JTwpd SfilP CidcuLitf ihe hicartxMuUe corvccntralion. 
which is ihe difference between t he isrtat carbon dioxide 
and llic dissolved carbon dioxide COnitlllralbni 

fHCOi U “ ^ 25 n mMil 

Foyj-fh Slop, Calculate ihe pH 

pH * ft, 10 + k 

- ft, 10 4- log 115, 

The k^;;irithm of 12-5 is I H>. I herd'oie, 
pH - ft 10 t UD-* T20. 

The e alcitluied values I'oi all samples Lire enured in table 4 
I he points urc plotted 4* open ctfck* in figure 14, and 
tlic tiiLu^hf line labeled Separated Plasma' it drawn 
through the points 

W hen separated pl.ixm.j is cquilibraied wrih pas mixtures 
hiving .i high t* , . ii is htrated with carbonic acid ( aibon 
dioxide dissolves in the plasma and forms carbonic acid which 
in torn {uves hydit>gen ions nnd Ncarboitnlc The increase in 
hc-obOnate n C4Uu$ to the alBOiflVl of acid added lo Ihe pl «sm4, 
and ii is therefore u measure of ihe ,im*nLfti of acid added. hemic 
li^drouL'ii ions tomhine with buffers id ihe pluainii and disappear 
I he rest n| [he hydrogen ions increase ihe hydrogen ion tono-ir 
u ,1 lion of Ihe piasnui and 1 educe Us pH 

When ihe K ., is reduced to low values, carbon dioxide is 
removed from ihe plasma., I his carbon dintide is formed from 







Wlhiil Happens in Blood 



M Tf T* t* ** If TT 


pH 

W 14, Hli|Tl*j cnivcs Mi i»r(Kfl nted arid true 

E launu ikiirminiMJ in \iinr Dau fw out'iKnHiol true f>1 If tun flic 

load rtf A . V ft Jevefthed tn t I HeruJeiiLm. Hi. ■ ul i> <V t notrtily 
brov "'■ci* Haven. lu^KS i tu-pruitt-ed hy pei mimon ! 

htcarhonaTc ^rNj hydrogen inn*.. The decrease in hicarhon.iff con¬ 
centration is eqund lit the amount of acid ivmmtfd from the 
plasma, am! it i* Ihtrefurte a mcaiirrt Lif the amount Ten*ovcd- 
SfMM of liter hydrogen rorW arc given up by huffcis of the plasma, 
and Ihe rest come from free hydrogen ions m solution in Ihc 
j 1 .i^eti.i, iherehi increasing iis pH 

f ire holler value of u oaf niton is the antcumi of acid winch 
inusl lv added to cause .i change of one pH unit W hen separated 
p-.ivnia iv titrated carbon dm vide the amount ul citrhomc 
acid added cun he measured by the change in htcnrhpnatc con¬ 
centration tty dividing I It. fli.ni^c ih i iL ifhiinafc concentration 
In the eliaiipe in pH. The Buffet value rv determined 

Ho Her value — iHCOi ipH tAKI 

I wore 14 chows that the hieartHMiale concern ruiitffl falls h 
i ,1 millimoles per lilei a* the pH trues O.K units. 

Butler value f* h.H 

s 4 mM'l per pH unit 

i he line in fieure 14 representing the buffer curve of plasma 
t'- Pal pL it n„t i< ;i poor hultci tin the other hand, whole Mi>n<J 
is a good buffer. imJ tins lad i* illustrated h% the following data 
on true plasma 
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Example* IS hour dimples of whole HahI were ? quilt 
bruled ,ii 1 ( wiih |i:t'p mixture* s ^»ni.imnif vjikhih per 
centres of carbon dioxide I tit barometric pressure wax 

iiiiTi Mi; plasma was removed finm ihe cryihrocyiex 
under anaerobic conditions. and time pinsma mnipk> were 
analyzed For carbon diinute In each instance the ^ ul 
\h-j fas phu*e w.c* high enough to entire cumplefe '•jhira- 
lion of l fie hcmofkjbin. 

The percenta^cs of carbon dioxide in the ims phases 
.md the intid carbon dioxide ci>ru:?ni ration* of the true 
plasma %4impkx are entered in the first two lines of Mbit 5 


Ta&ie 5 



/ 

forr ffuiHn Vo, 

2 X 

4 

r r C O,, ga* phiiic 

11,99 

ft « 

4 m 

\ m 

f i >1 nJ CO.. plaxipo. mV| ’ 

52,3 

26.4 

24 » 

21.5 

/ J ,,,. mm Hg 

| 

4ft s 

tl 1 

21 3 

ICO, I*. niMi'l 

2.6 

l.l 

1.0 

IT 

fHt Uj r . mM. 1 

2V7 

J5 0 

?1 II 

20 n 

pH 

7.1ft 

7 35 

7 

7.57 


Sol 1.1. l Du la on ihe hkmJ i4 V\ h djipfd fiwi i J HciuJt mJII. Km-i.r 
l>llr hnt; New HUvim |92I> iRcpfotkecsi hi turn 


Ihe P, ., r . the pH, and Hie tHCEdbuftitccDncenlfckon* were 
cafcutalcd hy the method's outlined in example M. 

T he points describing ihe buffering of carbon dioxide 
tn the blond ol ihe \ V B are pinJIed o. Idled circle* in 
figure 14, L otd [he xlrai£h1 line labeled "1 rik Plituttu'' is 
dr,iwit ihr oujih I hem 

The huffier hoe of true plasma is much siccpvr lh.m th.at <ff 
separated plasma. Lis slope or huffier value. calculated b\ means 
o| equation HiS ii. is 21,h milhrmikx per liter per pH unit. Ihe 
reason is that the fniffei Sine ul true plasma relies 1% the buffer my 
power of hentaftohn When carbon dioxide is added in whole 
blimd a! a high ilx hydrogen inns -ire buffered by be mu' 

globin. and most of the newly Formed bicarbonate diffuses into 
the pl&uxtBy Therefore, the increase in plasma Near bundle reflects 
ihe clfc%i of hcniMi.'htbut as a buffer t on* creek. when carbon 
dioxide is removed from whole blond at ,i low V bicarbonate 
ions diffuse from pbvma inn* erylhmeyiet where ihe 1 , combine 
with hydrogen inns erven up by bemogkshiu 
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2 1 Tfi* Stop* Of the Normal Buffer line 
in V/tro and In Vtvo 

The Ixtfler value of Wood w viirro evpnessed by the -%^of lire 
line Trialing bicarbonate concern l rat ton of true plasma to i'll 
depends upon the concentration ot hemoglobin in whole blond 
(he Jli( a in tabic b five the bicarbonate concentrations of true 
plasm,i nl three pH values tor blnttd containing T 10. | 5, and 2ll 
grtmv of hemoglobin per Itkl milliJitCiv. The {Snints aie plotted 
and conrrccled by sliaichl fines in figure 15 

Table 6 


Hh p ri- 

5 

ID 

15 

XI 

ilh. 

1.0 

*S II 


i: t> 

1 HC O,|„ ai pH ’ >0. mVI/I 

25,t 

36h 

27} 

'k. b 

Hi CM, al pH ' 40. mV! 1 

M.4 

M 4 

M 4 

74 4 

Ht (M at pH 7.50. mM 1 

A 

<£» r * 

b-fe - -w. 

21.5 

Xl> 


\l| data described m far weie obtained on bkurd in rdrvr 
Blood was drawn Irom the subject, n Iier.itions m its f* , weur 
rlfcvicd and the bicarboitnle concern ration trf plasm, and the 
pff were determined There are lwo mujoi reasons why the slope 
id the buffet line of blood m i/ivr mijtbi differ fiom lhac of the 
s.ime blood in vrlro 

I. Ilectnoflytes of plasma are in equilibrium with electro 
Ivies til interstitial fluid, and any clwnee in like bicarbonate con' 
central inn of plasma is rapid ly loll owed by redistribution ot 
bwiirhon.itc mips between inJer&liiiul fluid and plasm, i which 
ventures equilibrium ll the I*, , H of plasnu in vivo is increased, 
hydrogen tuns md bicarbonate ions are formed, and these dis 
iribnie (hern selves between blood and ifUerstittnl fluid Because 
the protein content s>f interstitial Hurd is, on ihe nvciuye. lowei 
than that of plasma, inleriltlitd fluid is an even poorer buffer 
than plasma, I hcicforc, hydrogen ions are buffered chiefly by 

50 
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f r tR. 15 Buffer cum at in* pi* on# of Mouil cunuining 5, til. IV 
ur 'o urajn> nf hcnuplnhin per I tilt ml HcniugtobHi concent rataiM in 
mHjieu,m.de.n<s pcf hu‘i *r< aJsn ui^«nn 


hemoglobin of erythrocytes. and ihc fall in pH is governed by the 
concent rat ion of hemoglobin in hkwd On rise oilier himd, hicui 
bundle ions liislnbute ifremseEses between plasma .mil irtervtm.il 
Hind in such a way that then Codec in I rations in each Hunt art al¬ 
most iJcmical Sjnte ihe volume of micraiiliMl fluid is usually mo 
lo three limo greater Than the plasma volume, only one-third to 
oncFntirih of the increment in bieutbofiatc ii*m remains in the 
pbsnta. the rest goev to the initiniiiial fluid. l or [lit* reason the 
buffer line of the system. blood pl»* inlcrcmial fluid, is flatter than 
dial of blood utone. Fur any rive in P< the rive in plasma Meat 
bonule concentration is les> for lIns vyslem than it is lor whole 
blood alone 

2 Ml ceils of the body, not only erythrocytes, coMain 
buffers When the hody \ F, ,, r fiscs, ull eelK buffer hydrogen ions, 
and for each hydrogen inn buffered a hiciwhcmwic ion is formed. 
Most of these Incurboii.uc wins accumulate in iriiervhii.d fluid 
itmJ plasma ( on sequent l>. there is « rise in plasma Mcai l*onale 
concentmion which results. not from blood bn lie my bui from 
hbuk brsdy buffering Therefore, ihere is a rise in ptflunui hi 
carbonate concentration withmii a corresponding fall in pit 

1 hose iwo in mu processes, one reducing the change in 
plasma bicarbonate concentration below that lo be ctpecinl in 
Mood alone arid the other raising is .above that to be expected, 
affect flue slope of [he buffer line of Mood in opposite * I he 
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actual resulting in Mh/ buffering line cunnot he exactly predicted, 
it psma^E K* measured 

Torn dcicirm nation of the carbon dioxide litMlion curve in 
i j x-> H normal men wen? pi, iced in u chamber in which Ibex 
breathed gas mixture* containing oxygen at a /*„, ol Mil in 
I mi min Hu ami carton dioxide a| a irf zero to Hh mm Mg 
A fieri ill Hood samples were taken For analysis beginning Hi 
minutes after entering the chamber and hi other mnn up to MJ 
minutes. The acid-hate Minus of each subject was found Ui hr 
stable llifoughout tins period., Mean plasma t *,„ pH. and ho 
carbonate concentration found in 7 subjects are given in table 7 
In similar experiments Joys were exposed to y;o mi Mures com 
(•lining carbon dioxide up lo ,1 f, of 9 4b nun I Ee Alter lhe dogs 
had been in the chamber leaf enough for (he effects of carbon 
dioxide lo become numfesi hut before renal oc other metabolic 
compensation couUI occur, titlenul blood sample-, were obtained 
for ,uuiHm- Vfoaii plasma P, <pr pH, and biearlviriate coruentra- 
ikmix observed in many replications of the experiment ire also 
given in table 7. flic Iwp in vim tilraifon curves are plotted in 
figure Mi xtliete rhcii slopes cart he compared with the slope of 
VV B.’s blood in i itro. 

I lie fHUlU of reduction of ^■ ■ by voluntary hypersentita 
linn in 4 normal human subjects no given in table X, hi lltc 

Table 7 

Mi,ui S .* % |>r,' .. 1S 1 « Stuns •cih-4’rs.iii^ri» i«n l n*ru ilhffw^d Vlffv 10J 
iKip Ittahiie (j** Mimuns f tauiimt mi r> im> mm lie f'.t, and /etn in 

l*i rum llg I*.., 


fVjvmn r. >, 

Fltnmu ;>H 

UiCO,\, 


>||S 

V4- mm 1 I* 

7.42 

U mM I 


si 

7 t; 

2h 


7M 

7.:t 

37 


mius 

\i 

7 *< 

3U 


ft 

7 Ml 

31 


7\ 

7 lb 

25 


1117 

TCH 

]7 


m 

h 

:« 



Veil ■■ » flirt* far mm from Nracblt, l oht« mi SdwtfU, l%f, XW £n? / 
XI *4 ffblfc; dm ifnti fiom t oHcls. Htudwen mt& |¥M. J tint 

Inn it IVT’' i KcprodnioJ hy ptrmosirtin, 1 
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*<# ! f- in mi 1 C ArtHwl ilnimJc litF.ihrri v iifvci. ,.ii iiwi^ jiptd 
hrmthing un. mnture* li.mn$ hi|fh #%„,'* and \4 men volMtifily 
h> perYertiihtinp in f* tm \ oi 2a arid in mm llg *i*rhpaicJ wirlt ihe 
* r i nrinr i.ifhifl dHHiik 10 ration v<Jf v f vf \ V ft \ blood DjO-i from 
I J Henderson. ft,, s.,; iVaJc fiuveisjiy thes* Nc« Haven, 
Hr,u;iiM£ t iihen and Kcftwamr, lift?. New Enx J, %fed~ 373:6, Cohen, 
Rncico uul SihWHru h t'nsi, t Our fnrr*i Ekliidec and 

S I'Wil, V -IjifiJ PH, ..mi/ 12 4 M i K,-piMiit,i.;r.! fr% prtrrii^wn i 


Table B 

’vh in V.WUri h* Aneriiil Blood of t o*f ilnmafi v.>soiT» ai Rc*[ H>pfr 
vcn-ft-irmf ro fnu Vvcolir F 



i r til ■ 1 l|i r pH 


Nasal 

7.40 

25.9 in M/I 

!<•' hyper* rntitonw** n> 

in mm Me 

7.51 

23.« 

Raiai 

7,40 

3J 

|0’ hyperventilation m 
p v ■ 2it mm H e 

7W 

ih : 


S.n mi l>if.j from Mdf.Jfi- jml Sal*ti. JW5. T J *ryl Mviiirf. 22:#11. Rif 
r* i >Jmv nl hy pm v. m i 


lifsi cxperomcfit anefud Mood wav tBniwo foi analysis while ihe 
subject were in basal coftdilinn. The iheti hyperven- 

r doled imiil line IVu, oFiiieir .ilvetfhir air* measured by mtmilcif- 
Mic ibeir erst TiJmiI .nr, reached mm Hy- I ne Mihjecu etwtiniieii 
hviViVi-miltljn^ .if tMv level for HI minutes Thenanother v'ripk 1 
id arterial hhiac! was itfrlained. In ihc second eAperintcni. 4ter 
j eimtivl arlcnal sample wav drawn, iht subjects hypetvenlHaled 
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and held Ibeir alveolar t *,,,, M III mm Hg for |<i minulcv Mean 
vdue> of plasma pH and hteartHinaie concern ration arc given 
in (he table, 

1 he dsn..« show rlur ik buffer !me deLermmed in vir* f may 
or may not he parallel to ihaJ of bU*ni in ntm Measurement of 
the vlopr ul ihe btiffei linetrr i \in> doe* nor give a reliable citimare 
of the slope of the buffer hne m uAn In later section* or (his 
frcHik mcihods of calculating ihc magnitude of devi.Uiunv of acid- 
brne status from normality arc deveribed In the cukulalii'm of 
K MK of these ~ base tu‘<w, Kisc deficit, and standard bkarhoft- 
dtc-tbc slope of The buffer line m is either assumed or is 
measured, t on sequent!), Ihculcuhtiont five more or less exact 
estimates iff have cjujcss. ha.se deficit, and stundurd bicarbonate 
outside ihe KsJi, I hey do nut ^ivt exact Mimales of Ihe quann- 
Ue-i in ihe body as a w hole for ihe reason Thai the slope of Ihr 
buffer line of blood in ihe body is not measured. That slope may 
or may rtoi be similar to that of blood in vistn. 

The clinician who w ishes, to n\e estimates of have eftcesvaf 
base deficit to planning his therapy may he mislead iinlew he 
realises lh.ii the m ihvi buffer line may be different from The 
in vitro buffer line He may even tie mislead il he assumes (hat 
ihc buffer line of his [Xiitcni iis similar to that of the normal roen 
who served as subject for the d-na plotted in figure lb The 
in i*i ii slope depends in p^rt upon ihe ratio of interstitial fluid 
volume to blood volume. IlkhKl volume TTSi.iv be invthinp from 
n lt> 15 per vcni of U»c p.iiicnTs body weight, Interstitial fluid 
volume does not alway s hear a lived relation to blood or plasma 
volume: U rn, 5 v hr very low in ,i dehydrated paliciU in diabetic 
auidovis, or if may be very Inch as in a palienl with congestive 
failure. I he in i iro slope also depends on buffering by cells, untl 
this in turn is a fund ton of lean KxTy mass I can hodv mass may 
form a large tic small proportion of total body weigh) 1 urthei 
more, body NiflcimL may chance wilh time Hydrogen ions may 
slowly exchange for intracellular potassium tons so ih.it the 
body v load of hydrogen ions may he much grinder in long-stund- 
uij: .nations than it is m acute hypercapnia, 

In ihr kd lowing discussion of che acid bane vtaiiK, else 
curve for A V H 's Himd measured m vim* will he used as the 
normal buffer line, This is done simply for COfivcii»cni.c and lot 
Ihc reason ih.il ihe slope uf A.V 11 \ hvilfer Imc nr v/frn j> riCH 
fat diffeicnt from Ihtal of norm.il men in i no. How ever, ihc 
reiwler mtisi keep two pomiv til mind: 11i the actual buffer line 
iif am ptiHkMlar person m.iy differ froni ihoi of \ \ H lor several 
reasons. ,u:d (2i no sensible person would make a decision von 
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ecming the ac id- base si.■* ol a paiieni if ihe validity of the 

decision could be vitiated by a difference between I he acltial 
dope of I he buffer line of (he pa (tent's bkuKi rn vkr* and (he 
sJtopc cHher ascujiwd or determined or vitn> 

2 7 The Suttee Line ol Reduced Blood and 

the Concept ol Sa-se Excels, or Deficit 

Figure Iff shows ih <i ihe lilriiilion cuise uf reduced hemoglobin 
^ nearly par^Hel m the titration curve of oxyhemoglobin. This 
mean* that (he buffer line of reduced blood should l< nearly 
parallel to Hurt uf oxygenated. hkknJ as plot red in figure |4 Wltcn 
carbon dioxide is added to reduced Wood, it forint hydrogen and 
bicarbonate ions m (he same quantity .* is hen it is added to 
oxygenated Mood. Hv Jmgen ium til rare ihe reduced hemoglobin 
along it% hi ration curve parallel to ilie titration curve of ox \ hemo 
glnhin C onversely,, removal of carbon dioxide- from reduced 
blwwJ remove* hydrogen and Ncartontfc iom and titrates re¬ 
duced hemoglobin in the opposite direction. 

I lie fact ihal lhe lilmlioit curve of reduced heiTH^kihin is 
higher ihm that of oxyhemoglobin means lhal the differ line of 
reduced Wood will be higbrr than that of oxygenmed blood 
Reduction of hemoglobin allows, it ;o lake up more hydrogen ions 
without u change in pH: and therefore, d oxyge nuied NxkmJ is 
reduced, it can lake up more hydiugen icms with no change in 
pH These hydrogen ions come from carbon dioxide which i% 
added to blood at ihe Mrtic lime oxygen is removed: and os hydro¬ 
gen ions formed by ujiiizalitHi uf carbonic aetd are buffered by 
reduced hemoglobin. bicarbonate ions formed at the wmc time 
are divirihited between erythrocyies md plasma ax additionali 
bicarbonate. \i any given pH reduced blood contains more 
bicarbonate than oxygenated Hood. ami the buffer line of re¬ 
duced blood f$ higher than the buffer line of oxygenated hi.! 

Example i6 The data given in table *t were obtained on 
four samples of reduced blood of k V ft under Ihe same 
Lundiliom as described in example M with ffic cxvcpliufl 
lliat the f J ,, r uf ihe gas mixture v used xa zero. I he data are 
plotted in figure I 7, and a straight line, labeled "Reduced 
True Pli^ma.'* is drawn ihrough ihe pniims 
A buffer line iff partially reduced Hwd would Ire between 
the iwo lines plotted in ttjjurc [7 

When hemOftObin K reduced it takes up hydmpcn ions. I hiv 
is equivalent lo adclmu base Co the blood to remove hydrogen 
hxiis. < onstder point .4 in figure lb v.hkh represenre ihe unrmal 
poim of iixygerialed blood. Suppose Iff mil I implies of N.iOH are 
added to a bier ol the blood 1 hiv uddirion of base would remove 
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Table 9 



/ 

True f*fa\m(t Vif 

2 i 

4 

**>mm Hi; 

KVO 

VI .0 

11.7 

22 ¥ 

ICO,]*. isM-'l 

2.4 

1.6 

lb 


!Ht (Ji; m\ii 

31.5 


25 0 

11 c 

* * •.. 

pH 

?.S» 

7.34 

7.49 

1 M 


Hwuce; Duel m ihe nrttacnl blood of A V H adapted frum I J l^iiilfrwn. 
flfiktJ iVafc t'i*VfTu|j Prr*\. Ntw KMill, 1*2* i ii RepittalUCtd by ftimRift t 



I" 1 Buffer emws nf tuvertiHini true p 1 iirn* jrnJ it^.ikcJ trw 
rilMM, Data adapted liom i I HcndrtMjn, ftfrtu/i\ »te l jiivcryty 
l*ne%* Vw Hii>cn. il lJ, 2Hi 


hydrogen .mhl cause ibe pH lu tim;. Ln order to retime (he 
pH io n i t III millimoles of carbonic acid cshuIJ added to 
ihe blood. Hyilii^n ion* from carbonic acid would neutralize 
h > dluwl kki 1 - from the M;tf)II H and Kkdrbunntc ion* won id m- 
Cre,u< the hk,,|bnfliite cdOcvntfalKMi by |u mitlimotai per titer 
the fin;*I rtcul! of addition of IO millimole* of base and iiv 
TiLUlr4ili/,oii>Ti by k.irboniv Jiyid is represented b^ poult -f 

f Ik* sitme ch.mcev occur when nad t* removed fiurii blood, 
when (Ik* kidney * secrete mid urine. oi when hwlnxMoils ircisl 
[% kjht from (he sUitiUKh by iumihn£ Removal of HI millimole* 
of icid per Ntcr id blood by these humus also brings the blond *o 
point ,|l Such .i cKiingc occurring cilhtT by addition of base or 
by removal nl .icid is (be comlilinh of hou ru m 









2 2 Butter Line of Reducctc: Stood 


57 



P Ijj K I IlL- clb-sl ik *t,H■!ssii|; tiT Hood 

Have excess t v measured by tnmHMi of h blood sample with 
irn^ng .idd (MCI ur i!% cquivaicnii to pH 7.40 ai .i P,, , of 40 mm 
Hpndiil^? C ’ Such it lilTii] ion of blood represented by pornM' 
would return the hkK»d to point ,4. und 10 millimoles of strong 
acid would he consumed in ihc proces’i of ncuii.disinitrhc excess 
base ongm.diy .Gilded to (he bkxxJ 

After base excess Mis aeeumutated. (he huffier* of the blood 
are the ^,jme .is they were ottgiiully* .mil the buffering powci of 
the blood is urivfkirsucd 1 hmfure, the buffer hnc of bk>xJ to 
which excess bust has been added should be parallel lo ns buffer 
line before the have was added II the F> is reduced. carbonic 
acid i* lost. the pll increases. and Ihc bicarbonate corKCiMr.ition 
falls, the blood moves ii*w.tid point H' in figure Hi If the 
/*.... is increased, carbonic acid is added, the pH decreases, and 
the hi carbonate coneciitraiion nsec The blood moves tuwaid 
poirl i ' 

Addition ul acid to Hood results in changes opposite iho*c 
Occurring when excess base is added If Ml millirr o L s n\ hvdiu 
shloriK: as id life added lo a liter of Wood, the pH of ihc Mood 
it reduced In order to reel ore the pH to 7.40, 10 vniJIimolcs of 
Carbonic acid can he removed. and this reduces the bkaiboiuitc 
concentration by to millimoles per liter 1 he puiitl representing 
Mood to which add has been julded Iks below <hc normal buffet 
line 

thii ufieralNinil di'tiMna k hm i vtu nut r|ir >mnl*r «is‘ fur K.vr 
Alirn »rc hii*ti Siiir.virft ViOtrvr. I'JM Vimil /. i ■ in I «ifi In*'. *f Vi4 1 
urppi '<1 
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Wid can he added to-blood In hl cumulation of hclofte -Hide 
ii* in tBuihelcc mellhtis ur m suivaliun Removal of ha*c hum 
Wosrd ih equivalent to addition of and this occur* as itic 
rc>Lili ii! lovs uE alkaline fluids from ihe digestive tract Because 
addition of add ,+nd removal <>4 base are equi t Jcnl . the stale 
produced by cither one t*> culled bu> dept it ur in^ridf J viir 

eXtrti, 

B:i*e delkit is measured by titration of a blood vrni'k: with 
MaQK to pH 7 JO u a P in of 441 mm Hu arid ol 3’ l 

2 3 Fsiim.tr.on of Base Excess or Defied 

H i sc cxcc" or dotted is not vi m pl y ibe difference between Hie 
hie.uhum.ti; concentration found u> a partktifcir simple ot Mood 
and Eire normal bicarbonate coticonliatioii in hlnod havinc no 
biiLvc excess ui deficit, Hie reason i* that m uddiiuvn to changes 
effected by hive excess or delicti. bicarbonate com coir attcrt is 
uffeclcd h> respiratory adjustment*, 



( or'-iikr ihe M.vkl represented by point H in Figure IM. I he 
pH is 7.30. arnl the plasma hieaiWni.de cuncctUralMin iv 42.5 
mi i It moles per lice i I he d i ffe fence between t he bic arbon ate con - 
cent ration uf ilia sample .ind the normal value represented b\ 
point A is measured by trivw t . and il iv H millimoles per filer, 
I his is not the total have excevs. fui point H is displaced to the 
light of point 4 I hiv means that the pH of the Mrost has in- 
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Lrejved and hufferv of the blood have jttvvtt op some hydrogen 
iuiu to ncutfulifc excess base In order to return ih-er h^wd in 
pH ' 4i). more hydrogen mih muo he judged f his can be dune 
hv increasing ihe V ,,, in which event ihe blood will move dofijt 
il\ buffer line l» fw.Tirtt f u> shown by arrow I he amount «f 
hydrocvii ian> added In this change m F ., is te pi evented by 
arrow .\ and the total Ism 1 f\tcw is the sum rtl the distances 
represented hy arrows t and ’ m I" millimoles, per liter. 

If Mood represented by pinnt H were io he titrated with 
ilron# iicid back to pH 7,411 *1 pf -W mm H*. 1 millimoles 

of acid pei liter would lv consumed an iiitating buffers of the 
Hood from pH ” to pH n 44), and H inillininlo would he 
convumed in combining wiih the additional Neatbonale This is 
jho equal lo the sum of (he distances repncdenied bj the sum of 
attics f and 2. ami therefore (he umnoisl of base esetfss can he 
estimated In dropping a vertical line from point H in the norin.il 
buffer line «nd measuring ns length in nulhmoh-s per filer 

When acids such as ketone acids .op added fp blood, then 
hydi\w?n ion* enter into two reaclH>ns: some combine with 
buffeis off ihe blood, Ill rut mj: them in Lite in.id direction; and ibe 
resi combine with bicarbonate ions to form carbonic acid I he 
vurhonK .ichI o dehydrated to carbon dioxide which is espired 
Because M>n>c hydrogen ions added to hitHMl combine with blood 
Kiflers, the number of hydmgcn ions combining w ith bicaiboilale 
ions is less ih.m the total irmnher added T hereforc. live decrease 
in bicarbonate concentration is lew ihan the base defied 1 nrihis 
leason. the amount of (be base deficit is esiim.iicd on ihe pH 
btcurbonate diagram by ihe vertical distance between (he normal 
hurtci line ,ind the buffer line after add hjo, been added, noi by 
the difference between ihe hicarbom de corkentrations of normal 
arid acidic bUv'J 

Example 17 \ sample off bkvod mien from a fsilieni in 

diabetic acidosis is found lo have a pH of 7 M and a plasma 
hk arKmulc coiivcnriatkm <4 I 4 millimoles pei liter. What 
is ihe have deficit' 1 

f rrsf Step I he point is plotted as point it in fiitiirc _<■ 
T he normal point is assumed to he T. T he vertical distance 
between A and H, represented by urfow t. is "Hi millimoles 
pet lilei This much bicarbonate has horn displaced by 
lidded acid 

SftCQrttf Step t he pH of ihe plasma is low er than normal, 
and thus means ihai the buffers of lire NsxhJ luce been 
Mrated Lit the *wid direction I lw lonoinii of hydrogen ions 
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which cuflthncd with ih-c buffets. of the hkx>d can be esti¬ 
mated by lit i at mg the Noul in the alkaline direction to >K 
normal rH If this were dene by removing carbonic acid, 
the blued would follow n- butter line to point 4'. and the 
bieurhuiaie concentration would decrease in order to 
change the Hood from point fl to 4 an amount of carbonic 
acid equivalent k> jfrow 2 would have to he removed I hie 
ix J,|l millimole* per liter, and the total Koc deficit of the 
Mood is the sum of knows / arhJ 2. Of :? >• mil ti motes per 
liter 



i », 


tag 'n 4>r.iphu.ii cm minium His* deficit 


I he accuracy of ihe^e calculations ol bu^e csees', ot Mjse 
de licit depends npun the a^uiiipitofi lhai the bo tier tine ol the 
blood beirty: studied is parallel to the rvormal buffer lute I hi* 
assumption may not be correct, and lo the extent lhar it is incur 
reel an ermr is introduced mio the calculation, the following 
example shows the nature of (he emu and *K possible magnitude 
i oiisider the Mood represented by poiitl t m figure 2 I 1 Me 
pH is ".47, and the plasma Hcarbuinate concentration is *K 0 
rnillirmdes per liier. We assume that ti* boffin line is parallel lo 
the noimul buffer line, tind we draw a lifK vyith Ihi* slope through 
point A. The vertical distance between this line and the normal 
NllTei line give* a c.iteulalcd base excels ol 15 millimotes per 
liter However, the (rue slope x*f the buffer hue ol Ibis particular 
Simple of bk'od is yieater than the assumed slope its true value 















2 3 Estimation of Base Fxr.css Of Paired 

l< to that of Mood combining I* grams of hemoglobin pet 

100 mi which if very nearly the maximum slope likely to he 
encountered, Thi* lint-, I-ihe led "Maximum Slope/' h ataidnwn 
through point A Jo return blood represcmciJ by Hus tine to a 
pH of 7 40 At o / J , lp of M mm lig would inquire 10 5 millimoles 
of strong Livid, and therefore the prcvMxix estimation of b*w 
excess if in error by 14 millimoles per lilci 



I tg -I. tiraphitail cumulation ol have exerts in Mood shinung the 
error if Ihe IfUc slope nf the buffer line i* ikil Ilf blood L^rtljjnin; ’? 
gram* per cent of hrmoidishiu -ndeatf ol being the dope it the normal 
buffei line 

Point H in figure 22 represent* blood whovt pH is t W*ubJ 
whose plasma bicarbonate concentration, is IZ millimoles per 
1ilet When the bull'd line huvmg a stupe cliomI to that of normal 
Mood is dfu^n through the point the calculated bare deficit, 
measured us the vertical distance between this line mid ihc 
nocm.il line, is 14 mill i moles per liter Suppose, howes «r + that 
the slope of I hr buffer line ol Shis sample ol blood is uclunll* less 
than (hat of (he rttWfrtd line. The extreme t* a slope eijual to Ihiii 
ot sepuMicil pSuMn.i m of bkiuil coiiiamin^ zero hemoglobin, and 
si line having fuch n slope is draw n ihrough point ft If (hi* were 
the true buffer line of the blood. Ihe error m csimuling bare 
sts r l. 1 1 introduced hi i he use of the dope iff the norm:! buffer hoe 
would be l..' millimole* per luer 

Base excess. or base d-etkit js measured using bkwwl in i 'tin* 
Seuion • t explains ihai ihe mein.il slope of she butici low of 


ei 
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I i|£ 22, tjm|lllknl eakutntion of hi w define in Hood Jn i nr** show iritf 
ihe rn.itriUmJk of Ihr erioc if the true slope of the n infer line is ih.,S of 
separated phiimji, uc blood centrum nic no hrtnoffciNn. instead of tiem^: 
the slope it ibe normal rn efrm bulfer line. 

Mood in mn may K’ ituite different from the slope of the buffer 
line of the blood of the same suhjeel me,inured in who, < on 
scqiKfttly on error of unknown magnumJe oweuvx t! haws excess, 
or delkit accurately measured vn bUnnl in i iln* is .oturnvil to be 
live base excess oi ddiut of die same Mood tircukiiinc within 
i be suhiM 

The reader should remember two points: 

f, b'sti matron of base excess 01 tkficii is subject to error How¬ 
ever, the enrol may be within the limits of reliability of the 
diiin: and the error may also he within the limits sel by sari 
ability of normal values tvse section T.5l 
-- No sensible prison would set upon a decision about « 
pattern's h. esc execs* or delkit if correctness of the decision 
eoukl he iip^el by errors in ihe ssay the numerx'al Value for 
baser excess «r deficit was determined ut calvulaled. 

2-i Normal AcubBase Paths without Compensation 

€ halites in the acid base pa Hem of Ihe Not*) described rn earlier 
sections cun tie produced in a mutual man f lie i\ , of the bhvsJ 
can be reduced In voluntary hyperventilation: lids produces 
/VipiJtifcwy nlLaht\ts '( lie t\ of the blood e,m he raided by 
admimdnihun ol it cas mtshire Kish «n carbon dioxide: this 
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produce* fesfrrufon m-rdbiij WrtufHifu- utktiiaui can be pro 
dnced by administration of todiutn hKaibonule, and mehifhilu 
ik icAor.t tan be produced by givingammonians-chloride Kcspiru 
■or> alkalosis <tr acidosis can he supenmpoied upon nviabolK 
alkalosis or aritfovis. 

F x:mi;)in> 18 \ sample of arterial Mood was uken Iron’. a 

normal man ai rest, The man then hi per ventilated by 
breathing as deeply as possible -it lire rate ol I breath every 
2 seconds Eoi 2 minute*. \i the end of ihc period of hyper 
vcnlilniion another sample id iirlcnal Htvsl was drawn 
\ftcr ihe subject had recovered, he bfeailied & pis mi-Vtute 
ol 7 H \ r carbon dioxide mid ffVr oxygen \r r lie end of J mm 
uics another arterial Homl sample was taken. 

) l»c pH of each sample was measured True plasma 
wos separated from the blood and analyscsdl for total wuttocm 
dioxide 1 he hitortuinaic c otik.cn (ration of the plasma and 
the P.,,. ol f,wh sample wav calculated, 1 he data are given 
in table H) 


Tahie 10 


fiionru 

fr ficAt 
iA 1 

(Mi 

Bt* JikJac f l>. 

fO 

pH 

742 

7 h2 

7 Jfr 

luMlO. mM|TI 

2ft.0 

20 5 

27.* 

[HCOiU. biM 

24,* 

HMI 

2ft.fl 

F .. inrn Ilf 

w.h 

2i)ii 

47.4 


I he result* uic plotted a* points A. ft. and 1 in fijnire 
2 * The arrow from point 4 to ft represents ll»c lettllhof 
reducing ihe /’ , # hy hypervenlilalion The blood ol the 
subject moved down its normal mi vrio buffer line, and at 
point H i he subject was m nm i*niftrmuird n > 

utktfttiun I he chat l «je eristics of this Londitioii are low 
f', ,,,. high pU arid low pi,ism.i bicarbonate concentration. 

f lie arrow frtstn r to < represent* Ihe result* of in- 
ereasinj: the P, u ,. T he blood ol the subject moved up its 
normal in him buffer line, ami ai ( the 'Ufcyeef was in 
Mm •rtmpttr.uUfil Hfitiini* Ihe chiimctcnsljc* 

of this condition are hiyh /' „.. low pH, and high plasma 
biearhtmalc concentration 

Example 19 I he same sub|eei took To crams ol sodium 
bicarbonate by nwHilh. fwoJiuwis later a sample nl nflenal 
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Hood taken I he procedures of hyperventilation and 
breathing ^nkm UiovtJc were repented, and blood samples 
were uken The analytical data are given in table 11. 

labia 11 


Pi.iMiM i Vam/ifr 

Al MiM 

it vprt\fnttfcJltMii 

m 

Bttaihtn^ COi 
(Ft 

pH 

7.52 

7 67 

7.42 

Total COj. niMJl 

35 <i 

30 4 

3*4 

IH< Oj],, mMN 

IV t 

2>H* 

36.3 

F i ip,, mm tic 

32.0 

26 4 

57.6 


I he points aic plotted as />. E r and f m ligore 23. I he 
arrow from point I to D represents the development of 
itKliibolie Alkakniy, and D represents the slate of muosi- 

priWiltiJ ittftiiNthi utkiitini.’, I he eharucleriUiL- id this 
condition arc notrrud /*, , 5 , high pH. and hiub pi in mu hi 
ea rKvnaie conecntr-uvion 

In going from f la D the Mood of the subject moved 
from il> normal in mu buffer line in one higher than normal 
but parallel to it ! his is shown bv (he erTeets of hyper 
ventilation and Meat bine carbon diOJudc At F the Mihjcci 
had superimposed it respnatdfy alkalosis upon his initial 
metabolic alkalosis. On account of increased elimination 
nf enrhuri d>nside, the l\ , fell, and the bk’md moved tlow n 
the tut 11 Am ■ butler hue to a point irlui-jcterized tn higher pH 
and lower McwhorMc In thi> condition the total carbon 
dioxide tif the hknid approached normal value hut. because 
ihe blood was moving down the in ton buffer hoe the pH 
increased still further 

On I he other hand, decreased elimination of carbon 
J:oxntc supeftinposed a respiratory acidosis upon the initial 
metabolic alkalosis. I be /*, rose and the blood moved up 
the tn rno buffet line lo fKuitl /■ characterised by lower pH 
<r*it still higher hk ir+iortale in th*v condition the pH of 
the bkuki was normal decile the fuel that the UHjI carbon 
dioxide of I he blond Hugh. 

E sample? 20. I he umc subject, a Tier rciui mug lo normal 
took I 5 prams of ammonium chloride by mouili 1«« hourv 
later a resting sample of arterial blood was taken Ihe 
procedures ol hy pervenltlalmn and hi cubing curtain dioxide 
were repeated* and N*hkI samples were obtained- I roe 
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pi.tMDii was analysed rurpH and total caution dioxide, ami 
P’ i-uTiLt bicarbonate concenlralipn and wetf caloi Milled 
I he Jala ,tic uiven in table 12 


Table 12 


fldimn Snmptr 

<1 Hi Kt 

tOf 

tfyprn rntitfUiM if 
*U ■ 

Rtruthwi! t O, 
fit 

pit 

7J5 

7.54 

7,27 

Tepivl COi, mMVI 

2&4 

1#,» 

:*,o 

[Hi ii |, mM I 


1*4 

223 

t’ mm H| 

no 

174 

50. J 


The pnifiH mu plotted as G. It and / rn lljitun? 2.V 
I tie orro* trout A to G repiesenis ihe development of 
metabolic acidosis At pofell 17 the suhjecl r*as in nwriwt- 
fu n luted 1 mrutbifh* m idmh. I lie characi eristic s ol ihtv 
Condition are normal I\ low pH. and It "* pljArlla hts.nr- 
bo n litc cunvenlratiun 



In j^lsi Ei|f from , i in G the Mnml of ihe subject moved 
from iis normal j« vmu buffer line to a line lower than anti 
parallel to ihe normal one Hi** is shown by ? ■ ■ H' i 
of hyperveniihnmn and hncaihm* carbon dioxide At pt*ni 
/ the snhteei had added a sc spiral otv acidosis, to Iti* ini Uhl 
metuhdic acidosis, Because elimination of taihon iliotude 
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wav reduced (he f\ lti of (lie blond was increased, and the 
blood moved up iK<« th 11 hijll’ci tine to a pmni character- 
i/ed fey lower pH and higher biearNmate cObdCntralkm 
Lkrsptie the fact ilkai the bk arfeoriHle concentration ap 
prcMchcd normal the pH of the Mood was very low 

On the mher hand. hyperventilation reduced the P, 
of the blood and added respiratory alkalosis to the initial 
jixtalHilR acwlocis. rhe blood moved down the In imo 

huffer line . point m which the pH w;o hither ih.jn 

normal, but the bicarbonate concern ration was far he low 
rwemuJ. 

1 he points on finite 23 illustrate ihr nature of the areas on 
a pH Hcarboniie diagram 

L Any condition represented fey a point r.illmj: wiihin the area 
above and to ilie left of ihc t\,„ equals 4n mm Hg isobar has 
a composem of rrnpintfain itr i'Ahu 
] Any condition ncprescnied h\ a point Hilling within ihc area 
below and U> I he right of the P, ^ equals 40 nun Mg isobat 
ha* fl component of rr\pimtory niLtilwh 
t Any condition represented h> a point fit I ling to ihe left of the 
normal pH has j Pi I 

4 Any condition represented fey a point falling tn the light o\ 
the normal pH lias a hn-h pH 

< Any condition represented by a poini falling within the urea 
abuse the normal buffer line has a component of hoi, ,m , w 
b Any condition represented bv a point killing within the area 
below the normal btifici line h.M u component of hMr deficit 

2.5 Normal Rangos 

fi> make i melinite m use ol acid-base data,, one must know the 
firm I v within which normal sallies are likely to fall. 

Several v t i. nf nhsers ations on persons Iimiic at se., level 
,md apparently forming a representative Mmpte ol the normal 
population show (haI 'IJ per ccnl m mare of (he values tif 
artcnaJ nr arlcriu fired Hood are within rhe Idikming limits 

pH-7.33-743 

| Hf a |/? linM per tilert - 21-2K (women lower than men! 
f\ , H (Him Hgi 'A JH 

I feflM are plotted as the borders <4 the HOfmut area rn figure 24 
On I fee avct-v,e. the plasma Heaifeonale concent i at ions of 
women arc aNml one miltjmok per liter lower than those h,i 
iner there arc sonic persons apparently free of disease who 


€€ 
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■ue outside the itutiitat 1 iiti« i-s Sonic persons *thuw on day-to-day 
variation!.. whereas others ittay have difference* as great a* 
4 millimole* per liter thirteen plasma bicarbonate concentrations 
measured on different days theft are no ubvion*. re .sou*, tor 
such variations 



I 4 j. ^4 \rc i rm u pH riicttrfxiuMJgc diagram in which mtM normal 
Values fait 


The data quoted h» lot person* living at sea level \i 
higher .dliliidcs the reduced partial pressure of cnygcn in the 
inspired arc itdunrv the f* ftI of alveolar air and arterial blood, 
f his. cumulates respiration, and the consequent hy pet vent ilalkm 
reduces the r- ■. of arterial hlnod At Salt I nkc City, for example, 
where much of Lite pnpnlatum lues at 4.^00 Icel and where the 
barometric pressure is ;ibcnil hit! nun Up the normal resting 
arterial f‘ «s from ^ 10 lb min Hp tU'iial eompcTfcaiinri lor 
this mild chronic respiratory alkakvuc in complete, and arterial 
pi I is within normal limits. Plasma bicarbonate is therefore well 
below tInti found aj sea level, the average value being jNmji 
20 urn Hi moles pet tiler. Pupulm ions at other altitudes have 
corresponding dcviiMiQii* from "nwoud " 

The data from which acid-base values ate calculated are 
obtained he chemical ,md physical means which are subject to 
eiior All survey <if clinical tabulator ic* have shown that even 
the fvs( occasionally male rmsiakes and that the wcKst frequently 
repsirt wildly ermneeHjs results C'miueqiienih anvone iisnve 
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and interpreting acid-base data must know lk»w the data are ob 
tained and to whttl extent he cun depend upon them 

2.6 Cftemtca) Regulation ot Respiration 

ill a normal man At rest breathing: almuspheriC W -it j bam- 
metik; preuiiw or 760 mm Hg, respiration is rejcukitil to main¬ 
tain a cemstiint rale ot vc-ntilalion of Ihe alveolar spaces M the 
nor nvil rale oi vcfitilatiori. ahcol.4 /' is 40 mm Hjj; and since 
arterial MootJ o in equilibrium with alveolar carbon dioxide. the 
f J , of arterial Mood is also Jti mm H^- ‘^1 the ' ime rale trf 
ventilation, alveolar f\ tl is about l<wi mm Hit. und the P iPr of 
aricnill Mood is a few mm lower Vrterial Mood containing 
oirNwi dioxide -mil oxygen at these partial pressures bathes the 
ehcmorciLC pirns m the uurfic and carotid bodies, and it perfuses 
the hi a m 

I he t*.. of arterial blood is the most import,ml chemical 
factor governing respiration- An increase in alveolar P„ x , (1 ami 
hence an increase in arterial F, stimulates respiration m> that 
the late tint ventilation of ihe alveolar spaces is increased. and a 
decrease in alveolar and attend fV,. inhibits mptrafion so that 
ventilation is decreased 

Carbon dioxide .uni hydrogen mm arc related Ehiou^h Ihe 
reactions 

C0,+ H,0 ?= HjfO, - H* + HCO. tM*t 

If ihe F „ t rises, It increases nor pH fatlsL and if the i 1 ,. 
fall*, | H * ] decreases (of pH rises» I he magnitude of ihe change 
in | IT J follow int; a given change in F, is, of course, determined 
by ihe boiler value of the medium in which lire change occurs 
In man ail acute increase in F. h]1 ot I inns Hg causes a me in 
(If'| of the ptnsrna of M 77 nanomoles per filer fhis small 
chance in 11 * j reflects the powerful ahhiy of blood and the nest 
of the sell* of the body lo bullet hydrogen runs t crebrnspiniiil 
fluid is fVhirK burlered. ,md an increase of I mm Hg in its l\ , 
causes a fisc tn i If oi between 4 and > nanomoles per licei 

Bevfiiisc carbon dioxide is highly soluble in waLer and in 
the lipids winch make up much of fell membranes. any change 
in F ,of arterial Mood supplying a part is rapidly followed hy j 
correepo tiding change in the F iilt of Ihe part's interstitial fluid 
and of the interior of its ceils. C onscqueiuly. [H' ] of inter* 
vtiti.il and inlr-HClluhn thuds H quickly altered bv clungc* m 
alveolar f, 

About half the effect ■ il changes in F, ,,, u^ni respiration is 
exerted through the effect of carbon dioxide upon j H T J of inter 




2 6 Chemical Regulation of Respiration 


69 


v >iii.tl of ihe brain, Respiratory chcmoreceptovs lie neat the 
%entndl surface of the medulla. They aie bathed by imereti! iul 
fluid which ic derived from cerebral vfHOal flu id These cherno- 
rrcepfoix appear in he sensitive tu (II] t« iheir environment. 
Ilf [ H *] nscs, they respond by siimulaiinji the respiratory centei. 
v an increase in alveolar ventilalten. If 111 ■ J Calls. cherno 

rcvcptoi duve of the respiratory center is reduced, end alveolar 
ventilation folk MitwKJieh the neural iissuc eontatning ihe 
chcmorecepEon is perfused hy blood* then: is a harrier between 
I He MihhI in ihe capillaries and The inlcniflliut fluid of ihe brain. 
I he h,ifT*et pfevetih the passage uC ibe buffers or the blood from 
hlood to cerebral interviiti.il fluid Because carbon divide, on 
4CCWH1 of its lipid Miliihilils. can readily cross The burner, and 
because cerebral inlervliiial fluid is poorly buffered. a chtmec 
Ett arterial F, ,, is lapidk toll-owed by a relatively liurgc change 
til I H " ] yd the Hind suiToiiiidiriy 1/tc respiratory vhemoreecpturs 
Therefore an increase in alveolar and arterial increases 
cert hr lit iniefsiitUI H’J: chemofecepiors respond by driving 
(he respirators eerier, arid alveolar veil Illation increases, A 
fall in alveolar -md arterial P t Tf , decreases cerebral interstitial 
[H * |: chemureceplivr drive of ihe rcspirdo»y center is reduced; 
and itkeoLti ventilation is diminished 

do account of the barrier between ceiebral cupflksites and 
interstitial fluid, there is no immediate exchange of bicarbonate 
between blood ami cerebral interstili.il fluid The bicarbonate 
concentration of cerebral interstitial fluid is slim I y adjusted by 
the tissues which iruinulacltlie the cerebral spinal ilurd ll the 
F and the H | of cerebral tissue increase. (H CO [of cere¬ 
bral spinal and cerebral interviitial fluid slowly rises, The means 
by which this is acsompilrshcd .ire unknown, bui the puccw mnv 
be simitar to ihui by which the kidney responds to changes in 
F , A rise in F causes renal tuhulat cells to inCrfAisc then 
rate of function of hydrogen ions into the tubular urine and the 
rale at which ihey return bicarbor.tte to the blood In the brain 
nr increase in F ,, mighl increase Ihe rate at winch Ihe choroid 
plexus secretes hydrogen runs into the blood and returns bicar- 
bcsnoie ions to the cerebral spinal fluid. 

Vs ihe result of ihc slow removal of hvdmccn ions and 
addition of bicarbonate ions H ] of cerebral spinal and mier- 
slitt.it fluids decreases over a pens*! of hours oi J.iys .iflhouph 
the F, ,, remains elevated Since the chcmorcccptors respond tu 
[II Vj imcl not li> F «he fall m H remove- some of the 
si i in a It cs lor seifitihiiiou. and le-pu alary minute volume return y 
toward normal On ihe other hand, if the F. . , rs below i»«mul. 
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the issues locming ecrchrul spinal fluid alltm hydrogen ions t o 
jtcinnukiUr within the fluid- (\Hi*eqticnl1> + {H' 1 of cerebral 
spjn.ii nod irOcrsiHml fluids slowly mes. and [H( O s ] o4 I be 
fluids slowly folk. AKhmiith the P*. , remuns low, the reiutu ot 
c<frhtiU inlerslilkl (H l Inward normal to mhhc extern 

the inhibition of respiration produced hy the initial reduction of 
t\ lH . Alveolar ventilation then riso toward normal 



I i|t. _ ^ Ik reUtkilt IvtW'trn ventilation of (hr lun^^ ,211.1 Ihr nl*<vl,ir 
y. 'ii human t F"- two tines on Itx njthl show th< c Hfofl 

1 Jil.lining when The pH of Ik ptafiu hurt llie normal value uf 7,4 af 
rtu mid when Ihe ukcolor /\,, is 4 Ik hpus lod of 6 Q rmn Mg or 
Jil the supernormal s*lue of I 20 rttm Hg Use t wo lines ui Ihc ri^ht ihaw 
1 Ml same relation m a Mihfcsi whose plasma pH m nM k m it the 
rcvnlr nf prokmgged ifipesno* of inuniMinin ehloHdc. Adapted from 
C uiinwighiun. Shiiw„ I iditn and I Inyd. |vh|, Qnttrt JL t. n>, PhMhitti. 
-i+i IkifvthliiLrii h permitvnwi; 

l En; other half of The crieci uf f upon respiration is 
incited through .ivtiun of carbon dioxide upon ivnphcn.il chcmci 
receptor^. Ihose ir> the 4011k .md carotid hodn:* <nd perhaps 
elsewhere. The effect is the same as that of t\ , ki upon the ecrural 
receptor system! Aft tndWc in flu Stimulates respiration and 






2 6 Chemical Regulalion oi Res&iralion 71 

■nsleaves alveolar vcntikmon a decrease in v , Fr inhibits teipnu- 
fion and I editors alveolar ventilation. 

I he piim:!* picssun; of carbon dioxide hn> important .uMi 
linniil effects When iiricnnl F, acutely above ~n mKii ram 

Mg. carbon dioxide depresses rite central nervous system 
ihc V ttm rises. the subject becomes -onniolcni and confused. oral 
he may lapse into uiKOiuciummess Pressure* abuse JtKl rani 
Hi ate anesthetic ami convulxam. Acute reduction of F, Mjr by 
■ tic reusing pll and decreasing: the low.atiou of calcium, causes 
increased neuNMmjscul.il excitability which may result in tcluny. 

I he hydrogen ism concentration of arterial bkn.ul can he 
altered hy addition of non-volatile acid nr of base as well iv by 
changes in F,, tl . Such changes m j H “J in lbernscKev affect 
respiiatiqin partly through I he effect of |H j upon peripheral 
chemortceptorv arid partly through tbr effect ml (H*| upon 
central chcmnre\ eptorc whose kxus ud nature are poorly 
k-fslooil The effect IIpirn ventilation IS ihe same as that pro¬ 
duced bx alteration in [H*j caused bx changes in P ,. an in 
ere a e in f H at cunxidttl Fi,^ stimulates respiration ^ that 
iiseoLo ventilation increases, and a decrease in | H } at constant 
P „ inhihtK respiration so di n ventil.umn decreases When both 
II I and Mj change, ventilation responds as though the effects 
oj I he two were algebraically added 

I he dierra>receptor* or the carotid and aortic bodies re 
xpond to u reduction In the pwrliai pressure of oxygen in urtcruil 
blond by increasing ihe frequenev with which the>. send impubes 
iiu-i affeieiH nerves lo ihe iesp*talory center Increasing fre 
qtiency stimulates respiration so that alveolar vent dal ton in 
cleaves When the of arts''pal blood is in ihe normal range 
ol W to |uii m Hp the chemoneceptorv discharge at a In* 
frequency. \ sudden increase in arterial lo about 24N.I ram Hg 
slops chcruorcveptui discharge. and ah color ventiLitinn kills 
hy about I" 1 per ceri 1 hu full in turn causes retention of c nhon 
diuvidc I he consequent slight me in arterial f\ , , stiraulafes 
icspiiaimn, and ventilation oJ the Hues returns u'r^ nearly to 
the level obtaining before F.„ w is increased On ihe other hand, 
a decrease in arterial f .„ below normal strongly stimulates ilic 
CiLiutrd and aortic chcmurcccptors, and the frequency of im 
pulses reaching the rcsjHiuiofy center Mom ihe cite mor etc pirns 
is greatly increased. Respiration is stimulated, Increased alveola* 
sentiSatum reduces afleriid F * ■ i»» .aid this inhibits lespiuUHMI 
i on sequent 4)- there is a balance between the reflex drive nl 
icviwation initialed hy ihe chenwreecpioi s' response in low 
F,. arid ihe inhibit>on resulting Horn respiratory jdkajusis the 
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[uu opposing influences cancel cacti other w* that ihcrc is very 
I mile increase in ukeular ventilation cnul afienid P falls bck>u 
nil mm Ht' it which P„ t (semuglabin: is k5 io voper sent Mdur..led 
below thin ^ tefles ili-i^e of ventilation hy chcmnrrccplor re 
sponse IP hypo'ia dominates and ventilation is inereaMuJ 
Mrhonjjh hypmia itself depresses the vcnua! nervous system 
including the respirartuv center, soonc. reftev dine of revpin 
tiuji oiiguutliing ui the peripheral chcrooreceptors can maintain 
ventilation of ihe lnniJtv when the of aHcrtal blood is cluun- 
ICahjr lOW 

the effects of oxygen ► in lI caibun dioxide -ire cnmpfexly 

interrelated- HediKlioti of P. helnw ihe normal vatu* increases 
the sensitivity of the revpiioWiry mechanism to changes in 
When iifierijil P 11( is 60 mm Up. the vcnltluUtfy response to a 
given increase m P t is about double ill it occurring when the 
K, i\ I2tl mm He Oil the other hand. an increase in ariettal 
P t ,... above ihe normal level of 411 mm Hg inerciiscv the venfila 
l«wy response iu hypoxia. 

2 7 Respiratory Compomalion tor 
Metabolic Alkalosis or Acidosis 

Respiratory compensation for metabolic alkalosis m acidon- 
is I he result of alterations in ventilation of the limits caused 
bv change* hi ihe pH of arterial blood 

Suppose that metabolic alkalosis develops, and the pH of 
arterial blood increases. Increased pll depresses respiration 
■inJ reduces ventilation of alveolar spaces, and the /\,,, ol 
alveolar an and arterial Mood fives (he increase m t* , , till ales 
the t*k*xl along its buffer line in the direction of lower pH and 
higher hie arhun,ue concetmtibon Reduction of pH h> increased 
JVn is fesptralorv compensalion for metabolic alkalosis 

I he sequence of events i% shown in figure ’f 1 Note that, 
in order to give greater detail to ihe graph, the unit* of ihe co¬ 
ordinates .ire smaller chan those of previous diagrams, Develop 
inert id mcl.,holic .lk:i!o’-i\ ■ i epic reilled hi Hit arrow flnffi 

ihe normal point 4 to it hoi the sake of simplicity of argument, 
it is assumed that, as metabolic alkalosis. o developing, respira¬ 
tion remains unchanged so (hat point ft Iks on ihe P,,,, equals 
■to mm Hg isobar. A change from A to ft increases the pH, ami 
the increase in pH depresses revpiralien r btnvfure, retention: 
of carbon dioxide moves ihe blood from H to ( this process 
stops when depression of raspi ration by increasing pH is exactly 
balanced hy sitimiluitiun of respiration resulting from increased 
Pi u «. Of course Irulh processes - develop merit of metabolic 
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f ii: Pnxesics occtimr, i n re*rrr j*ory compeiis.uivu tor mclabohc 

Hlkafcftat 


ialkiik*-M-v ;rml its respiniinry com pen-a lion —occur together, and 
the actual path is I tie resultant of the (Wo charges as shown h> 
the broken line from/f to f \ 

Respiratory cufnpenv.iiiufi lor metabolic alkukms marmot 
be so compkric 4 s to thnrtjj the pH to ib normal value \s the 
pi4 returns toward norm.il. deptessiou of respuaiion caused by 
increased pH disappears. mid if the pH were to return to normal 
respiratory depression wnikt he /cm This leaves respiratory 
stimulation by increased ft,. . unopposed. The consequent sltrmi 
latum id respiration would town the ft,,. anil drive the blond 
dow n il' bufftr lute m the direction of increased pH until depres. 
vwn caused by increasing pH e&uclly balances the decreasing 
stimulus id hieti ft, 

Respiratory compensation for metabolic acidosis occurs 
because decreased pH produced by me lohtdie acidosis %n mutates 
respiration and macaws alveolar ventilation Alveolar ft,*,. 
and julcritt! ftnj* arc reduced, and (his titrate'- the Hood along 
it^, buffer line in ihe direction of higher pH and lower hicarhoiiale 
iamc<n Elution.. 

I lie sequence ulc cents h shown in figure where afi.un 
u is assumed that nicUibolrc aitdosis dues nut .iflcvt re spiral inn 
until pi unit ft tm tire ft ■ i equals 40 rnm Hg isdhut is reached 
I he change from t to ft decreases the pH and decreased pH 
stimulate* respiration kespir.muy compensation moves the 
Mood from ft lu C I lie process stops when si inu if. it ion of respi 
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1 it 2" 1 Proccv^ oecumng un respiratory compcmuniw (or meia 
hcHlC JtCtdmk 


ration by low fH i- hutiniJctf by depression caused hy decreased 
-mJ compensation is run complete. Since development of 
metabolic acidosis and iU compensation went lusher, Ihc 
aclual path is the icvnlLmt of I he l wo changes shown In ihc 
broken arrow from f to ( 

2 8 Renal Processes Responding lo 
Acid Base Changers 

f he fnnciiofi of ihc kidney is to ni.un.iain ihc coroiaiK) of ihc 
intent *d environment, Hy neguLiiinp the rau- of w.Uc t in ihc 

mine* it defend*- the inleni.il environment against excessive 
hydration dr dehydration and keeps r(k r osmotic pleasure of ihc 
Mood at ,i value equal U> lhal of a volution co«l;nrtmi|i |S4 ruilli* 
moles iif Su< I per liter By regulating eve ret km of tiKloiduul 
inns, it maintain* ihc normal eke truly ic pattern ol plasma and 
interstitial llmil. H\ leguLilifli: ihc acrdil} of the untie and Ihc 
rate of excretion of electrolytes* u helps to keep the pH ol 
plasma within normal linuls (he separate functions o| ihc 
kidm-v are integrated. ami in the lace of pathological distur¬ 
bances,, one luncnoti ma> be cacnheed list unuclitir function. 

Urine can be nther acid or alkaline hen Hie urine is 
as Id lhr .htu| en rtksl is removed tivm Ihc blood. ansi ill clfcvt 
an cqtiiil quail HI 1 - of base is added In live Mood. 

Renal luhuk* secrete hytlroeen tons into lltr liihular urine 
1 he oeiiclions by which this is accomplished are unknown, Nil. 










23 Rena! Pfoce&ses and AcidBaso Changes 


7& 


whatever the process, one h> Jn-tyl ion lOH i is left within the 
renal luhului cells for each hydrogen ion srcreicd I tic aceu- 
miiliiiion of hydroxyl k>m Within tubular celh rahev iheir internal 
jiHs and the reactions 

( 0 ; +H,0 — - HCO,+H 1 cTim 

m the nciht '*1 uhisi the sells. Hydrogen ions formed from 
carbon dioxide and water combine utih hydroxyl k>nv This pm* 
ccsv of inUas-cllitku neutr ali/aikm by means of carbon dioxide 
keep* the pH of the icttal tubular cells within the limit ncscsswy 
Il» 3 Lhc sccrckiry pruce« in continue. Hicur boii.il c ions, which 
are the byproduct of inlracctluinr neutralization, art irans ported 
into the peritubuku Mind and renal venous plasma wnh the result 
that, for every mole of acid secreted into tubular unne. one tie* 
mule of hicarbom! it tor hastt appears in blood 

11 v <± ration iff carbon dioxide within the kidney is catalyzed 
h> suibonic a it h ukase It renal s.obtuiJs' anliyduxe is inhibited 
m, for example. by aucta/idamidc, renal tubular secretion of acid 
may be reduced or abolished. However, hydration of carbon 
dioxide ciiti also occur without rn/v malic catalysts, and under 
some conditions. (Sitiicukuk revert ■Ktafeohc intra* 

cellular ncutr;Uination and renal acid MarciKvn can occur withmti 
I he iissniarKe of carbonic anhydnoc. 

When acid sec re ted by the tubular cells, .i balance of 
rlectncaJ chaises must be maintained kpparcntk Ihiv h accom- 
pit shed by the lotted exchange ul sodiiinnonx lor hydrogen ions 
40 that, for every hydrogen ion secreted into the tubular urine, 
one sodium inn derived from the glomerular filtrate is reabsorbed 
and transported into the peritubular thud and renal venous 
plasma Since a bicarbonate ton is simultaneously 1 trnn&potlcd in 
the same direction sesreuon of acwJ mlo the tubular urine is at- 
companied hy the addition of utdiitm bicarbonate to the venous 
Wiitnl. The sodium ion initivpirinJ info venous blood was ocijEb 
nally derived bn gloniciutar lilt ul ion of arterial blood, so this 
process converses ssHtium 

Rena! tubular cells also sccrcle potassium ions into the 
tubulai urine* and seetdion Of potassium infl* and sect elicit of 
hydrogen ions arc inter lelaied. An increased talc of sestet ion 
of one iofl is ai.esniip.imcd Hy a decreased rale of sestet ion of the 
other, and if Tor any reason secretion of one is diminished. scene 
lion ot the in her is usually cnhimccd. In respiratory .iddusiv 
the rale ol an,id recretiun is hreh and the rale of potassium secre¬ 
tion ts depressed t onsegucrrtl). polassium as conserved. and the 
body's lo.«l of potassium lends IO mslease llurinj: potassium 
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deficiency. i«i ihe h;utd. rcM hmiIidh of potassium is 

reduced secretion or hydrogen ions, miothc urine increases wills 
the result ihal metabolic aikuhvsb of renal onutn develops 

The minimum pH of the urine Is about 4.5. J Im b a 
hydrogen ion concern ruuon of 0.(1011,0.1 mole per liici, and ii iv 
appro Mi malel y KOO limes more arid chan plasma The secretory 
process jv, nni capable of establish! tic a sleeper gradient As a 
consequence^ ihe rale oE cicfctKm oE acid is pfojvwiiofiiil lo Ihe 
title of excretion of tmtfcr in tfic urine When ihe buffer capacity 
of tubular urine is low, secretion of only i smalt .immint of and 
irthi tubular nnne reduces its pH lu l 5. W hen tlsc htifler capacity 
is high, a large uinouM of acid can !v sec reled into ihe uiiik foe 
fore hs pH reaches ihe I i min lie mine of 4 5 

L ndcT normal cirtnimianccv., phosphate is one of ihe two 
imfhirtanl buffer* in ihe urine The glomerular liUnuc ctHrtiiins 
phosphate and sodium ions m citncenimiiims very nearly equal 
lo their concentration* in plasoui. The pH of ihe glomerular til- 
Ifaie is ihe came as that of plasm ii'umi pH 7 -I The second 
hydrogen of pho-vphone uuddbsiuhutcs according tothe cqii.iiirm 

H,K>, =? HPO: + HS 171) 

I his dissolution 11 - 11 ) foe expressed in the luyurnihrmc form of the 
mas s*jic lion cotillion, which can he derived by the meihodc 
explained in scciion I E V 

rH-p* . 1W> 

I he pA m fo nnd M il>i r normal pH of pluMUbt ihe equal ion 
become* 

w - Mth »S' |7j > 


I he equation c;ui he hi bed I in* Ihe ratio of the dibasic lo mono- 
hiisiv piiosphuic I ransposimg, we have 


ktg 


Hl« 

|H = PO,| 


!HP<i ] 

IH IH>. j 


0. h. 

i'lll •’L 'I '■ 


1741 
(7 s | 


1 he million, in l hm of ti IS is 4, and ihe ratio is 4 I I tus means Lh-U 
I here- i* I out times as mirth dibasic as monobasic phosphate in 
the glomnuLu filtrate. Uui oi every fisc phosphate mofevntes 
appeanne in lh P gk>ff*ni!m filtrate, four Jure diKisit and have two 
negative charges, and one is monobasic nod has one negative 
charge five phosphate molecules have a total of rune negative 
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chaffcs which must be butanced b\ positive c halites. chiefly 
supplied hy sodium It llw five phovph.alc molecules *cie lo be 
ewreled unchanged, J* t of nine sodium nniv ^ouitl nlco have 
lo k 1 cvciclctL 

Wlitn h* driven inti> are added Ip tuhuLri urine, the diwo 
ciainon of phosphate a* expressed in cqutrikw i r f | in driven lo 
the left, and monobasic phosphate is lor mod from JihwsK phos¬ 
phate If enough ,isrid is added ip lobular uirne 10 ipke ih pH 
lo 4.5. nlnKKi all the phosphide i\ com cited to the monoboMDC 
lorin Substitution of 4.5 in cqtuhnn <~?r (Gives a ratio of dibasic 
ro manohasic phosphate of I I his mew that more than 

99 per cent of (he phosphate molecules in l he urine have only 
one charge apiece Only live sodium ions me required to balance 
their ncuaiivt charges. arid, for every five phosphate molecules 
appealing in acid mine, fernr sodium ium can he vaved and re 
turned to (he blood These fMroecsscs arc summarized in figure 2K 



I il 1 2 * Si.hL-IWc ttpro«nlrn« ftllai *.ecrrliOn *4 SKld "id tilt Uion 
14 phosphate. 
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( lie second buffer which allows conservation of M«lmm in 
jmmaru, Ammonia its If ) is formed within renal luhulai cell't 
from plutanune and soiik amino autdv, and ummoriia tNH»l 
mu nor ammonium iNHj i diffuses from thf ceils mm the lubu 
!;u urine. I here ii react* with hydropen ions to me ammonium 
(NH;) ions. Because ammonia has picked up hydiujien lonsliom 
iftc urine, those hydrogen ions do rum contribute to the acidity 
of Ihu urine- ( nnsequenllv. us lone :»s ammonia* SH.| is added 
to tubular urine, hydrogen ton scxrelio* and its uccofnpanytrui 
sodium reahsorpliOtt can continue I hese processes are sum 
irurr/ed nr ligure 29. 


GLOWCRUHR *-LT*«t fltHftL TUiULAfl CELiS PLASMA 
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fie 2v Scheme rcprf wnimf; ifM e\eielkm of .imu-m m iu*» 


1 he rwt amount of acid dimlnjiied hy ihe lodncc in any 
period of lime is obtained hi mraiin^ ihv urine c\ucled hum its 
,ik*d pH husk io the pH nl the Wood from which the imue was 
derived and by adding. Ip this tfeki.ihlily the amount of ammonium 
ions found nr the urine The first pari of this sum gives ihe mi in 
her of hydrogen mns buffered by phosphate and similar buflci v 
and it is ihe tH/t/iuftfi ■/«idffv ol the mine, The man>.l put nivcs 
the nimthci of hydrogen ion* buffered by iminonii The sum is 

ik >■ ■. i.* itrit/r.*t frfhm. and ii measures ibe .miuum nl haw added 
in the Wood hi ihe kidney in the nine the urine \i^s fomied. 

KeM acid secretion has t wo functions ro ;«J<J base in the 
Wood as described above and lo prevent hicarHnnnrc contained 
in flic idomtrulaf ldti.de from being excreted. the hhurhonutc 
concent hit hvt of the idomemlitr Mil rule h nearly l he same ** 
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tlKii of plasma. and whh each hkwNHiate anion is jsvnciaicd a 
sodium cal ion When sodium .uni hk.Lfhpmdc ul ilic glomerular 
ftdralc reach a scjtmenl of the luhsttes where acid i> vccrcied. rfsc 
sodium is reabsorbed, and hsdio^cn tons combine with ihe blear* 
honaie to form carbonic avid. The carbonic acid isdehydrated eu 
vi ve carNm dioxide and water. and ihe F i , n of llvt tubular urine 
increases. Most of Ifie carbon dnisuh dilTnw through the tuhol.ir 
celt- 10 the Hood, nod ihe rest jaws into the bladder urine By 
ihiv \t-riei of reactions. bicarbonate disappears finm the nunc, 
untl .hi equal amount. formed wilhtn ihe inKiii.br cells during! 
ucid secretion, appears in the Mood I lie tola! process nic. 10) 
is equivalent to rcahsorpiiou of bicarbomiie, .ilthnuvh the (mu 
that I lie bicarbonate molecule * appearing in renal venous blood 
are rsol Licitially live same molecules a* were filtered in the glo¬ 
meruli makes ihc term "‘Ncurhonaic rcsihsomptkHi'" inaccurate 
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IkcMLive uerd is used in bKJiborv.de reahvorpiion, Ihcrv h 
an inverse relation between Ihc rate of bicarbonate IsHration 
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and ihe i;4c of excretion of til ratable acid In normal man the 
mic of glomerular iHlration ts approximately et*nxiuni ( on- 
ccifuentlv, the rale .iL ftliuh bicarbonate ts fl lined Lirtd presented 
Lo the iubulcs is chiefly +i function of ih ptuxm* concentration 
If the pUsnwi tcHiccnlntlHDn is normal, -J mil li mutex per liter, 
and ifibe rule of gluimetular fill ration tv 0.125 lifers per imnjic, 
then 5 millimoles of hicaibcuiLUc ire filtered per minute If The 
plj> rftj htc.uhonale is »uw, M) 1 2 millimoles pei liter, (hen ai the 
same rule of glomerular filtration only 1.5 millimole* arc Aliened 
per minute. If the plasma hicurfcHittlc is hi^Es at US niillinma-*. pi- 
liter. 4.5 millimoles of Kk.tibennte are filtered per minute In a 
normal man having a f\ of -4.il mm Hjtibc rate ot -*cuJ sccieiion 
by his renal tubule*. is approximately constant .4 about 5 * 
millimoles per minute \ll the frfcurfrmuilc tan reabsorbed. 
Iimv ifi|t u.5 mil Inn nit; n! avid lo fur excreted in the urine. When 
the plaima bkairbonate is 12 millimoles per luei t 5.5 minus ] 5 or 
2 mtHimoks of aod are left user after all the bicarbonate ho 
been reahs%jr|seii. Nrmever, when ihe plasma bicarbonate is 
abuse 2S millimoles per hlei.^carbonate is Altered at a ^neater 
rate than aod is secreted* and. after all the acid has been used 
up in re.thsiMrHn^ bicarbonate. some bicarbonate remains m the 
luNilar uiine lo pass into the bladder VSuh plasma bicarbonate 
of tf, miiltinioies pci litct. 4.5 minus 5 5 or I millimole per nWnulc 
would appear in bladder urine if the rale of gjommilin lilri. tion 
wcie 0.12* liiei per minute and the rale of acid secretion were 
5.5 millimoles pet minute. 

1 fine is .i reciprocal relation between renal excretion of 
bicarbonate and renal cxcreitofi of chloride In general,, wtmn 
excretion nf bicarbonate in urine is k>w, ihe major anion of ihe 
urine is chloride. When bicarbonate exetetuort is hi^b. chloride 
excretion is ieduced 

2 9 Rertai Responses to Meta&ouc 

Alkalosis and Acidosis 

IT be two mu(of variables aiTciimte renal responses in metabolic 
alkalosi a .1 ,k ubsh ue the plasm-* Ncarbonmr coiKcntttUtofi 
and ihe amount of buffer in ihe urine 

tn metabolic ulkaluHix the plasma pif is up ihe plasma bt 
Carbonate concern rat ion re above normal: and d respirators com 
penvulmn hn occur red the ... re rareed. When the plasma 
hmirboiMle conceit I ration is jirculei than 'b millimoles per liter 
ihe rale of glomerular lilt rat ion ol NcJlbuflale is tircaler than ihe 
rile al which renal tubule* c.m reaNcurb Im, ,qi honalc. t once 
«|iicn|]]r. Hcurbuoati! passes into ihe mine, and nii alkaline unite 


2 9 flenal Responses Metabolic Alfcnig'sis and Acidosis 




<s cwrcicd To maintain clrcfiu-n] nriitralitv. caltotH. chilly 
ludiutn. appear in ihe urine with bicarbonate kmi%. and [*bsmu 
sodium concentration tends Id decrease. formation and excretion 
of alkidinc urine, in elfcct, add .icid to Llic blood, wilh the resuh 
(hat plasma pH and KMuivnale return toward normal value v 
On uveouni of the reciprocal relation between bicarbonate encic- 
liofl and \hat ul chloride, the rate of Hi N>ndc excretion in liiwered, 
and plasma chloride canccnlmfiun lends to n« I hi> increase 
in plasma ehlor>dc replies hearbemale which is lost hmullv, 
no ammonium ion* are excreted in alkaline unite. 

Ln mclabolk acidosis, the plasma bicarbonate eoiscentralion 
and pH ait both below tiurmJ IT respiratory eompcrtMlion has 
ixCM) ltd. the f*. ... is also down, because the pl.oru.i hi, nrhunaic 
vmen I ration i* low, the rale at which bkarhunaie is tillered hs 
I he glomeruli and presented u> ihc renal kihule-> is much tower 
Than the mile al si hit Ft ien.il tubular edl. vecrcie .uid intolubulai 
urine Alt filtered bicarbonate is reabsorbed, and extra aod 
appeals in the urine as titrutabk avidiiy r he lower the plasma 
tHeurbpnale. the more acid K left oner to appear m the unite l x 
tt el ion nl acid. in cfTed, adds base to the blood, and As a result of 
this renal response, both plasma bicarbonate and pH rue 

When the urine is acid, ammonium n>tn i S H ' l aie excieieiL 
and sodium ions are conserved by ihc processes outlined in 
figure 29. The rale of ammonium ewftfiwi depends on two fac¬ 
tors 11) ihc pH of The urine and i2i (he duration of ackJoAts I lie 
lower the untie pH, the more ammonium is cxercicd In this 
relation ihe urine pH is ihe tndependcnl variable, and ammonium 
csuethjrt i> ihr dependent one. tf ihe pH of Ihc urine is lowered 
the rale of Ammonium e tenet urn immcdhtetc iris re uses, and il ihc 
pH is raised, ammonium excretion falls I hc iruivniutdc of ihe 
response depends tin ihe second factor, duration of acidosis 
Ihe same qualitative rclaunn between urine pH and amrminuirta 
cvuciion persists, btii idler a few days of severe acidosis more 
ammonium is excreted at a jetven pH If. fur example.-* normal 
man excretes Hi millimoles of ammonium it diij when his nunc 
pH i* 5, he may excrete 2im millimoles a day at the same pil il 
he has had severe metabolic oddmi * for 1 wo tw three day■* 
Howesci , d somethin^ is dime lo rinse his urine pH abruptly lo 
1 * Jio- ammonium exerelwm drops to zero. |usi .rxit would if he 
were normal 

IK? relation between Ihe amount of Wiflei in llK unne and 
Ihc extrelion of riir-aluMc acidity is illustrated hy diahcles melli 
lux. Ir thii t disease. Tar mciaholom increases: woctoacefie acid 
tv formed in ihe liver and ir,otxpotted to oilier tissues lo he 
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oxidized In iipcnnCfuiktl diahcLes mdlitus aveiunvcuc acid rnj\ 
be formed at a rule much greater than il t an be oxidized, and the 
extra amount h evicted in <he none. I his may he as much ns 
'(W) in I.IHHI millimoles per day. I ucmalion a rid excretion «| this 
IojkI nl avcionveiic avid imposes lv»o problems on the acid-bast 
rcntrialing mechanisms 11 > the addition of acctoocelk acid to the 
blood vsuixcs meinhotic ACtdoxn, ami 12) conservation of plasma 
e..linns, Medium and potassium. t% difficult durtr.ii i trial excretion 
of ihc eUm acid, 

Vcefoavctk avid rx niiivSc from hit in ibc .Kid form vhomi 
on ihc left 


O 

I 

CH.—C- 


rhe pK of acctaniclic avid ts approximately. 4, and m the 
pi I of the bk*t>d il ic completely mnired Therefore, one by driven 
io«t inuvi he accepted hv blood butter v fur ever) molecule of 
Bceioswcik .Kid m ihc blood, arid itm is ihc primary ijuk ol 
metabolic acidosis in dinhetcs roc Minis The pH of the blood fid In. 
and respiratory compcnvdinn hcfins Alter the hydriwett ion-, 
are accepted by ihe blood bnlTco. the anions of acetoaceLic acid 
arc bidunced electrically by sodium and potassium ions 

Wetpncci ate in ihc pfusma tillered in flic renal (lomcruh. 
Nome ol ai is reahvofhed by the renal tubules, and ihc resi passes 
mio bladder urine Because aceloacelate is in the anionic form 
• COO i. n is ,iccnmparued h\ cations If all ibut is excreted 
into the urine remained in live ainmnc hit in. an equivalent amount 
uf catkin* v. '.mkl Iv excreted* and ix»lh as mus h o *mi millimoles 
of accltiucetatc excreted per day. the body's ealjon conicnl won'it 
he rapidly and disastrous In depleted Vud secretion by renal 
tubules is a partial defense again si depletion An amount of base 
equal to the and secreted is relumed in the Mood, and metabolic 
avidnvis |s colfcvled 10 ihc exleul thal acid is cxctvled Avvioave 
tale acts as a buffer in Tutautai Urine, and. because hulfci pfesenl 
iliere lakes up hydrogen inns excretion off itraiiihk acid increases 
mUhiul with ihc rule excretion the buffer 1 inforlUbafrly. ihc 
p/\ of ace tonccfic add is about 4. this meant dial only one Tnutih 
lotMie thud iiMhetts'ctoaCeF-ite present ot the urine villi he titrated 
by secreted aud tiuni the anionic form i TOO i to the avid 
form < t OOHI Isefoic Ebf limiting urine pit of 4.S ( s reashed 


II —< OOH 
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t?hi 


^ t h < -rii, too - n 
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The re%i of (he ucciOHCctate is cretried as anions,, and ft taker 
cations with is, 1 hivis ihe return that uciilmiv dchydratp^n, and 
salt depletion continue in uitcrmi ml led di aheter me Ildus despite 
I operiiiioii of yompen satin? and corrccimjj. processes, 

2.10 Renal Compen&ahcin lor Respiratory 
Akaiosis or Acidosis 

Renal compensation for respiratory alkalosis or acidosis js die 
result of the effect of the P, ,, T of (He Hood upon the kidney The 
experimentally determined fuel K that the rale of icahsorptinn 
of htcurbonatc by renal tubules is a direct and linear funolOA of 
the ,,, I s he icUk'ii between the two variables is -luiwn in 
figure 3 I - The fine of re absorption of bicarbonate in a normal man 
havine a rate uf ^lomcndai liltraiinn nfflj^ liters per minute 



?C0 2 , mm Hg 

f r i|i 11 Tto Iftli of abruption of tiicMihcmnic by the renullubuiei in 
■lilliiiKiIrs per mtnutc plowed og-itnu ihr ptat*u #*<14. The rale Of 
ncahiorpuHi of bkarluiiili' is <. :tk uhiied lm ■' ni.ni a OHlItHl 

rule of dome tutor liltiriiimn >4 0 1?* fMrr pci minute, F iccis *d»p4rd 
from ihc data of Brufcau and {-ilman im /. t IfliiW. 17):33 

* Reproduced by pcrnu-isiun 1 


is pimled as ihc dcpcmlcm variable against plasma P ,As Lite 
P , mes. so does the ride of reiihsurptbn, ,md as the /' fill' 






Whal Happens m a Person 

bicarbonate j cjkwrptiuri (alls with H 1 hi\ iJcrcrcJciKir of tvcar- 
boAulc realtor ptiou upon. P ,^ is a fumliort of the P . h , ilvdf. not 
of The pH. and it <** a renal process operating in addition to ihe 
effects iij urine buffer concern nil inn. ammonia lorraolinn. and 
plasma hicarftmialc etuiLcnlfjtion aheadt dt^nwil. 

Renal tubular re absorption of bicarbonate is eftkfly the 
result <rf acid seenrtion by the tubule* aecctfding to the scheme 
shown m figure Since acid secretion in mrn depends upon 
f^drulinn of carbon dNiktde, it is easy (0 sup fs esc lhal art tn* 
c reused F, increases* the rule of acid srereiiufl and bicarbonate 
resihsonptkw by incre.omi: the rate of h yd rai ion trf carbonic acid 
and that a decreased p llp reduces acid secretion md bicarbonate 
reabsorption In (educing tire tale ol hydration of carbonic ae»il 
Me hough this is n renaa noble mi ppo-si iron. there is no proof that 
it is correct. 



I tt M. Pukovcs oecnmng m the reru' eompepsaiupfi lor ropi..!..u 
lltUilhli, 


* oitipcnsatuifi for respirahwy alkalosis tt shown in figure 
yi Tire initial liv per re nidation resulting in lespirattus alkalosis 
is represented K itw arrow from point I 1*> It bur the sake ol 
simplicity, il is assumed th.is hj percentilatum reduces the F. , H lo 
-b nun H|j arid ki.ep\ ii ji lhis value Decreased V , lt moves lire 

bktod down Us iiorm.ii r>i viiai buffet line. f'hisnvi pH is reived, 
jind plasma hicarhoriiitc cunccnlralkm r* reduced, the eflctf of 
low /Vi* i* u> reduce luNitar acid secretion and hictjtowifefcah- 
sorption, and an oJiaJinc urine containing btcarhfm.ite appears 


a- 







2 10 Ramil Compensation: Fhisptratory Alkalosis or Acldo^y 85 

in Ihc bladder EvcteUun nf bicarbonate occliin despite ihe f.«;s 
I hat respi r^ilon nlk,ik»tv hue .ilrcwdy i>i*civd pLisrnu bvcarhwnaic, 
and excretion of htcurhoriuic iruo Ihe unne lowers it 'till further 
b;4lwnaie i* excreted in the urine. chloride i* conserved, 
rui''in^ plasma chlomk lo lejil.iiic loihl bicarbonate As fry per 
ventilation continues. lire blood moves down ihe f eifuak 
“® mm **£ .is shown by ihe arrow from ft in i Movement 

in this direction invokes a decrease in plasma pH ot a return of 
pliiMiiii pH toward normal Hus pmve-t* may continue until 
poins to is notched. Al which the Mood pH fu* returned In normal, 
and respirator alkalosis is completely compensated. Since both 
practise* —(toe initial hypervenliLuijnn ami its compensation - 
occur itvscshcr the .*enml achi-huse paih k ihe one represented 
by the broken ^trow from i to f 

Often* hut noi Eru.m.iNy, development of revpiraioiy iilk*- 
losis is rapidly followed by an Increase m the concentration of 
inctale and pyruvate in ihe M,mk 1 hn some unknown reason. hy 
pervenniation cutises i issues io release lactic .mi pyruvic acids, 
this produces a base deficit. The effect on plasma pH und 
his .ii fxmate concenlntfion is the same as that produced by renal 
enmptruarion return ol pH toward normal aixl icduuton of 
bicarbonate concentration In some instances rlie whole camper*- 
salion can he attributed In accumulation of lactate and pyruvate 
in oiliei instances compensation is cllcctcd partly hv metabolic 
acidosis of lactic and pyruv ic acid production and purify hy renal 
compensation. 

t oinpcmatinn fix rcipHulnry acidosis is shown in huure 35 
Ihc initial hypovcnlilattoti rcsultmj: in respiratory acidosis is 
represented hy the arrow from ihc normal point lo ft Hypovenk 
lation increases the P ., of the HooJ and moves it up its iw mo 
hnlfer line, increasing plasma bicarbonate concern ration and 
decreasing pH 1 or the cake ol simplicity, jt is assumed that 
hypoventilation raises the f* t it, to ht' mm I Is and keeps M at Ihii 
value. Idereuvc in V, causes ihe kidney to secrete more acid 
and fo reabsorb bicarbonate at a greuler rate Despite the fact 
that the plasma bicarbonate concentmuori is cleveled and the 
talc tiC glomerular filtration of bicarbonate is met eased, all filtered 
bicalbcmate Is reabsorbed, and acid untie cortliii fling no hiearhniv 
ale is circled Setietoon of acid onuc adds base to ihe bkvncl 
further ruivmg the pjiivntu bicarbonate concent rat ton Along with 
there changes goes mere used encrclion of chloride, so that 
plasma chloride concern I ration is lowered lo approximately the 
saiiiL' extent I hull plasma bicarbonate eonecniiurktit i> raised. 

< nairens liion <n the sense of a, return of pH toward normal 




What Happen* in a Pnrian 



Fnacrsvci occumiig m The renal cumipc*i*u4k>n fur nrspxraiotSf 

ackhnis 


occurs .it the expend of further distortion of plasma hkjrtHiniiie 
and chloride concentrations It retention of brernrbonate and 
excretion nf acid wine continue, the Not*! iw^o up the F ,,. 
ei|tiuK Mt nrrn He isoKn until ikh trial pH is reached. In lhis 
example, compensation is complete at a bfcurbomitc concen¬ 
tration (if millimoles per liter. 

In earlier section* of ihi* hook renal responses to metabolie 
alkalosis and acidosis were discussed without reference in 
change* in renal tubular acid sec i el ion and hicnrKiniitc leahsoip- 
iinn produced by changes ir t\ . 1 his fax’lot w-n omitted for 

Hike ol simplicity of exposition for it has link importance in 
these conditions winalH, change* in P, , n do occur in lexpin* 
lory compensation lor metabolic alkalosis,. and to some extent 
these F, ,, change-^ do influence renal function I rum the point of 
view of compcnsMiii.Mi, these changes influence renal function in 
ihc wrong direction. In metabolic alkalosis the /\ is, il anything, 
elevated, and ibis tends in increase tubular ucid secretion -mil 
bicarbonate icubvoipliuti, However the total renal rcspon*e 
results in decreased acid cXc return and increased bicarbonate 
excretion Ihc reason iv that, despite shghtlv elevated tubular 
acid secretion caused hv highei i\ ■ the much greater r ue ol 
TiUration of hicarhunaic caused by elevated plasma bicarbonate 
^tiTiLculi.ilam evciw helms ihc mhuku icahsorbing mechanism, 
and not all hiciuKmnlc presented lo the tubules in llie gkimerulai 
lilt me can Ne reabsorbed. bicarbonate not reabsorbed o ex 
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trcteil, and plasma hear bun at ■.- falls in inetubahc .Krutosrt nr*pi- 
compensation owers the /*., \ m L wimn jImoc »<>uid 

i edits c renal luKilar .Kid secretion and bivarhonaie fcat^uiTlinfi¬ 
ll* this cu^ other influmicf^-ttdticnl plasma hjcitr^nlr 
vcrii ration, increased Niffci capacity of (he unne. and perhaps 
incft!.i*ed rate of tubular avid 'vCfction in response to other 
dimwit - ciiuw cjLLTtfiion of acid urine CLtniamiiic no Ncnrhonnie 
in the-e situnltons, hom«i>«U*i% is achieved. not by all mechn 
nouns working logethet to restore the disordered partem to 
normal. but b\ quantitative domination of one mechanism over 
(he ollici 

Z l 1 Identification ol Acid-Base Status 

Accurate analyst* *i t Mind pves vatuct for plasma pH and 
Imcju+khmic concentrution and foi Hue /Vm r^ch of these may 
N: loch. hi'*, nr nnrm.il. umi there .ire nine ways m which the 
valuer rrvuy he combined Ifigu -VI. Whatever cofnhmation of 
values chick in Mood it the mult of physiotojpcaJ »um, md 
determination of acid-Kiisc stums in iisdf does not reveal the 
came iw the mute by which th.»t status was readied 

Ihcie are three ways a particular avid-have slam* may he 

attained 

I \ single physiological process, rcspiumry or mclal*ohc. nviy 
be at work, Hyperventilation may cause re sparaiorv alkalosis: 
or vLirTiiiinu id acid gastric juice may produce metabolic 
alkalosis. 

- V single physiological process which produces a deviation 
hum miirm.il rn.iy he followed by norm.U phy riulciineal com* 
penial kin. k<r* pua tore alkalosis Lit hyperventilation may tv 
corrected by excretion of .dkaline urine, or metabolic dka 
kivis may he partial Is compensated by secondary respiratory 

■Ktdosis 

V Multiple ciiiiuv eavh with cn without com pc ns.it ion, ma) 
produce a mixed status. 

I he firsi step in the uicnhfieaitufi ol acid-base status js 
to determine plasma pH and Ncarbnnnle concent ration and 
the t* , II two of these arc known, the Ihitd van he Cttku 
fated. If only one is known, the aetd-base statu* cannot he 
understood. ft is absolutely cftsenfud to know two facts about 
btv Kid : one is not sulfcuictii 

Exampio 21 \ pm rent was hy pens cot tlHlbig Her plasma 

PH was not measured, hut its total carbon dm sole content 
w as * millimoles per liter. 

y^jplisl Iram S R Ui.^-mu, |i*M V*h tina.J Mr., 1 272 *4i i Hvum 
! In prniliOjiHi.l 



What Happens <n a Person 

tf>t&0teranQr\ A rtasitoBbk: estimate ul pta^nu bivur- 
honate concern ration can he mode Within the usual r.mjitf 
of /" , from 2u id hit mm H|r (JmwjIvfJ c.irhon dioxide of 
ptactrw vanes between II ft and L» itnlhmoles pet liter tn 
Urn instance The fact the patent w.*c hypervcimlsiiinis inch 
cates dim the l J , : .,, w,jo probably law, rherefore. plasma 
hkjrtmnsiie concentration by between 4 and 5 millimoles 
per liter V broker line m drawn hjiurc M repre 

’■eritme ibis pltsriu bicartwiaHc concentraiton 



?* f i Pi #i t« t» fa tt t* 


Filt. } 4 . i'll HkArhon.iif duprum illustrating the impotrihibiy of 
di si mpji shine between r-tfplntton .ilkukRth *ad mtulMic ,u.kJoos if 
■ • nI■- Ihe ItAal coition dioiidc erf tbf plasms rt known 

If pltn^nu pH ■ * not known, the puithHi of the point 
iking the line i* likewise unkthmn l ow plasma bic trboerfe 
dmer Million might he reached by way of met.ibnlie ,u» 
ilmiv for which hy pervert ibiion is si compensatory process 
or il might be reached by way of irspiiaiors alkalosis rc- 
'■uliing fmm pnnt.it> hypcrvenliUbnn In the hitler ease, 
there might be other the normal renal compensation con- 
sistiflg dt excretion of tv. sc jiuI ic It niton t»l Jttd. or there 
niiphi he sin addiliunsd metabolic a'nlosis sucti is that 
L.Mived! by excessive produrtioit of mic ;ind pyruvic atnfs 
In etihei cave, a Kot- iHtoi account-. in pari for the low 
plasma tucurKmaie concent r ation 

I he physician lectiifni^ed the base deficit, hut hr 
.ivvisnied thut it must he mused K primal y metulMdic aa- 


m 
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dmiv He gase the pattern 225 miliiequivalefH* of sodium 
bicarbonate intravenously to correct metabolic ai ■dii'-tv 
Hypem'niifiLiion periled Six hours laier ,mother 
blood sample was taken Plasma pH was 7 57. and it% total 
Cnrhoii dioxide Conic nl was S millimoles per (hit. hmn 
Ihese data the htcurhonaic cimvcni ration wax calculated lo 
he 7.1 millimoles per liter, and the jf 1 ,, was found in he 
in rum Hit T his point is plotted a* 2 in figure M, 
Interpretation l‘he blood had a base deficit of It milli 
mule* pei lilei Now an additional d.uum. I he plasma pH. 
allows .i devi\iori (D be made w briber base deficit is ihe 
result of primary metabolic .khJomv, ax had origin.illy been 
assumed, nr whether it was secondary u> pi unary hyper^ 
v emulation. Kespiruiorv eiimpentsainwi for mcMbolic ,»cT 
dowjs docs not overshoot the normal pi f. .old lugli pH it self 
inhibits respiration. Therefore, the hyperventilation rmifl 
he a caitve. mil an effect. and ik etiology most be sought 
elsewhere than a* compensation lot mctdNdiC acidosis 
Initial atlininicl ration of sodium bicarbonate. based on lire 
assumption thud hypenentilalion was secondary to meiah 

ofie acidosis, was jnappmpn.ite 

Mixed acid-base disuir bailees cannoi be umJcrxiood from 
,i study of the blood alone, each e-ait'C must he isoiryh! and its 
cffetl evaluated 

Enamp^ 72 A pattern with obstructive pulmonary tbs 
case had labored hreathifif. She wiu cj anolic and irratiorwtl 
The following dula were obtained on an Hfleribl Mood 
sample: 

Hemoglobin saturation 

/*i ij ■■ A 7 mm Hg 
l^lsi'. mu pH f .-IO 
[HCOjl, =- 4<l mM|l 
[N**],- H4 inM/l 
[k "]„ - 5.5 mM/l 
ft I \ r Hi mM.'T 

Ibcarbsmaie and pi i are pioued as point i in figure 15 

When the patient gben oxyyen to hr eat hr. she 
lapsed into a deep coma 

(nt&rpfGtattQn Known obMiwetixe pulmonary disease, 
low aricrial hemoglobin vUiiriium. and high f* ,, .ill nidi 
cate that a primary cause nf acjd base dixiufhimcc was ihe 
patient's inability to uiainlam adequate tcmiLilitm of ?he 
lungx Consequemh „ the P tli of the aU color air fell. and the 




What Happen* in .1 PlusO ft 



lig JS The wid'Kuf i-i.il 11 h- l 11 .1 iblcn! wtEh jeipiniinii JiHlmh 

fwni-lUy OHiirvfii.il L'll bur ntiu-J mlh mci^hVh 


P ,riHf in 6 7 mm Mg, HiK increase in P ,. , (iir.iStd the 
blood up il> in iiro hulFer line rn ihc direction of htgh pH 
and hijsh bicurKwiiilc eonceM tuikhi as shown in figure J5 

h'. the arrow representing j-evpindocy acidosis. Had ihne 
hem no f'Litvi change in avid have sfalu*. [he pH of ihe 
blood won id h.n e fallen to " 2 *, and ihc bicarbonate con* 
cent ration of plasma vumld have riven In 2 ? mi llimole* 
per (net. 

Increased P On could CMi'ie 1 dial cofnpctimtkm In 
increasing re rial tubular acid secretion and bicarbonate 
rcahvnipiion. Avid irrinv containing a high conce rn rut ion of 
chloride was prohabh excreted. and sldoi jde removed from 
blood wav replaced by htcarKon.de torn A sc excess 
occurred,. and plasma Hv.idbofiaie ro>e to -in millimoles per 
itei P aifUii pH returned lo the normal Value of ~ 40 . and 
the revpiratotv acidosis was eompkrtcly compensated 

In lijfure A*. a broken line through point i is drawn 
parallel in the iHuntal Puffer line 11 dm butler line can K* 

taken to represent the iviient ' victual w . huil’ei line, 

the vertical distance Set ween Hie two lines represents .■ 
baie excess of 16 m ■ Hi moles per filer 

V paliv 11I with me rud hemufMun sjOnrafkin of AU 
per vent ,ind ,1 i\ , of it " 1 mm Hg has an urtciv.il of about 
Ju nun He This low partial pecssure of v»XH"fO siftMigh 
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.11 fdoottlication ol Add Base Status 

xiimukilcd ihe pjlicnfv peripheral ehemoreeeptoi'v ami 
ihe fes lrIII n>: idles, drove u respiratory center which was 
otherwise depressed by hypoxia It is likely that the 
patient's ventral ncmw system wa> also depressed by 
ihe acutely elevated P IOl - Adnuiutfration of oxygen re¬ 
lieved hypoxia. bttt it also re moved the reflex drive from 
Ihe chemoreceplof*- Ventilation of ihe limps dec leaved, and 
there wav a Mill staler retention of ear bon dioxide Ihe 
patients com-l IbHowinj; oxygen uOnunislnlinn could he 
attributed lo carbon dioxide tuircnwv 

former cirmesf course Controlled i^ptulKin wav he- 

cun k» reduce the l\ Hl Hemoglobin m arterial Mood 
became *W» per toil saturated. and ah cotar f p ., v fell lo 40 
nmn H|t Ihcvc aft entirely xjiisfacLoty values, and one 
would expect that the octd-fartc slotuv of the patient would 
return lo normal With the /',,,. ,ti 40 mm Hg ihe stimulus 
for renal compensation is pint. arid secretion of odd by the 
renal lubtiku should fall t hi account of its concentre 
ik>ti in plasma, the rate of glometuUr filtration of hicai- 
hnfiuie WosikJ exceed Ihe rule of secretion of acul by the 
tubules, Some hjcarhonaie w<kjUI escape into ihe urine: 
ebbtide would he conserved, and the base excess would 
be eliminated 

Instead of improving, the panent'v condition deteri¬ 
orated over the next few days An nrtercil Mood sample 
h id a fi-iisnu* pH of 7.fi V and the pl.orn.i bkarhoiUMc con 
central ion was 41 millimoles per liter This is plotted as 
point in figure 3^ I be patieril curilnHicd to excrete acid 
urine instead of the alkaline untie which would correct 
her metabolic nfkabux. 

inlerpfUauon t oncenon of respiratory deficit rales 
unveiled a profound post-hypercapnic metabolic ttUmtasi* 
which was no bnyc-i appropriate cornpeiu.ition for respira¬ 
tory acidosis V run ho cause was sought, 1 Tic failure of the 
kidney to get rid of excels plasma bicarbonate was found 
to be i he re Mill vrf ch to ride deficiency Tuhuliix rc-ihs*wpHun 
of Medium is .vceom panied by passive reaHsorplimfi of DR 
equal amount of anjoii With plasma chloride, and hence 
riibuUr urine t blonde, concentration low, most of the 
bicarbonate present in remit mhol.ir fluid was reabsorbed 
with the sodium I'otasMum deficiency may aHo have con 
imbrued lo Ihe kidney s inability to excrete alkaline urine, 
for Ehc condition wav rapidity corrected by administration 
sd (HilassiUltl chloride 
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2 T 2 Clinical Example Metabolic Acidosis’ 

Nie patient. a twenty three-year rdd woman, admitted to 
ihe hospital on January 2 yf, 1^23 Diabetes mdlirit* h^d been 
recognized m\ weeks before admission- f>n admission)* Ihe 
patient n hypcrpncK and dehydrated. and there were hijih carp 
ecntralinnv trf ueei olivette acid and glucose in h« r i urine In ^nJ«fi- 
non, she was Mjltefiiiir from numciiw furunclev At ihc lime oi 
.idiciiv’iuni. supplier of insulin were Imuicd, and the pattern Has 
placed on a Nin-kTi dicteiiv regimen K> February 7 4 when Hood 
sample m». I was taken. signs of niitont rolled diabetes hud ds* 
appeared At this nme the patient wav started on a daily dove of 
7<i unit', id' insulin 

Ihuec days later a carbuncle developed and the patient "> 
diabetes became eompkid) uncontrolled On February II. she 
w.i% corniiinsc and severely hy peipmiiLi. niul A (his time Noo<J 
sample lht r 2 *av t;iken I he dose of titsuhn u.,. doubled, and 
the pulicnr rapidly improved HKmJ vimpics non, 3 and 4 were 
taken on the Iwu fiill-iwinc day*! 

1 he data obtained on the blood samples are given in ut*!c 
f t, .4fid the points are plotted on pH bicarbonate diagram* in 
figures 36 and 37. 
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\l the lime llic hr%l Mood sample was taken, the patient 
ih almost cwrtfdrtcly compensated metabolic .KiJi^h Ihc 
.tvidoNiv wu% not ^vcrc. for, as shown in figure 37. the patient’s 
bine dk'hdi was only * millimole* per Irtei Hod Ihcte been rw 
respiratory compcn*titH>fl. ihc pH of the plasma would have heeu 
7 33* Hyperventilation reduced the V,, to 33 mm Hg and raised 
the pH to 7 i L > 

Hv the time blood sample no 2 «.^ taken, ihc patient h id 
developed severe nielaKdk .icwinsiv and. if there had been no 
respiratory compensation, the pH of Ihc phi spin w chi Id have 

* I V iJju m ifcn mikifi ui Iiom l». t. I nIlea iad I. Inna, |i;s,J 

flM * Al " ^ ' i I • k -pf O.ISfJ IVlr-nwi 1 
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Fits 16 Thr rckJ-haMr of j [MlLent u ilh JmKici rm-Uilin 



J It ;.7 | niiiKAton irf the on rn nt n£>pirciii»r> urwJ 

K,i%e dclKrt in » pattern «nh dmt'fif' mellm^ 

Keen &,9J. | he pulienl-* hy peri'cmthlKwi h.id rediRcd ilic f', „ 
tu 2 J mm Hit fcven this towering ihe /*, mMulfctcnt m 

raise I he- pH higher (hart 7 ft? 

1 he mosi vij2orCHJs hyper^eittilukm would hsoe ix’rii in 
eflcclftc in reviewing the pH »o sujcm.ii In li^uic ►> HnAen 
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tine is drawn tlnuuyh point 2 parallel lo the normal buffer line 
Increased hyperventilation moves hlm»i down fhi*, line to the 
nyhr If the patient had been aMk to tiypcrwnlilllte enough to 
reduce her i 1 iq the vei> k>» value of ? mm and her plasma 
biuifboflale to 1 millimoles per titer* the pH would have risen 
only to 7. Hi. 

the iik leased dose of insulin given after utcutniKr of 
severe rm iihuhc acidosis permitted removal of jicctaMtttip 
from ihe h'-n^sl and correction of the huve defieil. By the lime 
blood sample m> 5 was taken. the base detn.it wa* it millimole* 
per liter Hyperventilation. h> ivilns m. ihe P,lo - It mm Hjj, 
raised pl.isrnu pH to 7 tv. Ihe ne.M day when blood simple 
no 4 w as Uiken. the delkn had been cuntpfefcly corrected 

2 13 Climc.nl Example Respiratory Alkalosis 

The patient, a live year old uirl, was admitted to the hospital on 
February 13. 1SM2* with a history of |tnni pains of short dura¬ 
tion Her heart rate was 120* and the heurt was slight k enlarged 
Her leinpcratwe was 101.4 |\ and her rrspirjlnfy talc was 3 2 
Blood simple ih> t was taken \ diagnosis of ihcuntala fever 
w.*v made 

1 >ei ihe day after admission the patient was started on 
sodium saJieykae therapy, ihe Jus.i^t being 0 . - 3 g per kg pgr 
Ay, During ihe neat six days the palicnl was nauseated. listless* 
and drowsy ; and *bc Vomited eiphi Hms' On Ihe day after be 
gl inline ,'l m'llIk atlOfl I he pa turn I'-. ■ ■_ - ] ■ 11 aloiv rate rose Lo M. 
hut thereafter u subsided to 2 ^ or less 

Hlorxt * implc nn. ? was taken mm days, and blood sample 
ih> 1 sii Jay* after begiiinmg of medication. krirse pk s were 
inhumed on the same day s I he salicylate therapy w.o* discon¬ 
tinued iftcr si* day*, and ihe p.uicm's vomiting stopped ftaxid 
sjinfhle no 4 was taken ihtee day* lalei 
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2 13 Clinical Example Respiratory Alknlo$is 

\ikilyUurl fipjtti on true rb'rii., urul urine .ire men in 
tiiMc f4 s -inn* ihc- putni* jre plnHcd on pH hicarfaniuiic disclaim 
in i 3K. 39, 4t>. ,iihJ 4 f 



ha l H, tin* .lulJ-h^vc isnlrih^y til -* fmitd'n >111 Medium viiieyl.*!* 
modkiuon. 



I ill. The initial iic vclp|HltMt of respiratory .ilLiinnii xml rtirl.ihrilk: 
nlkAilHIt rn A pattern on tHduim ^ilKyliilc fflc^,illiill 
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He ActLirmilafion of ki*c dcliei' in n patient on ‘HNltiim ulwtiilc 

meflkAlKin 



ta u ij J| r# f* f* n <1 

PH 


-II rhe Felurn m normal afar friffalrmiJ ui sodium sakeylaie 

rri^’ilis. 11 ii > n 

\i ihc tinw I he pLiiieni was id mined in the hospital the 
4icid'has<r pallcm nf her Hood was imhitwiI. I>esptte the r-nher 
htjjli levpnitiui i rale nl p, I he t\ , rl'ihe Ntxul was V* mm K| 
i*nd ihc mi rune volume of alveolar vrfttit.mofl nuisr have hern 
normal 
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Blond sample no. 1 Utkh iwn days aftei Hk hcprvnsrsc of 
medication. had u hi^h pH and si low F< (>l Hicfirtvnute conceit- 
Ifalion wai normal. F., u y Ihe blood can he decreased on I y hv 
hypcncntitaiion, unit the patient's hypcrwrmlaiioii was caused 
!**> sodium i.i hey late which cumulates ic spiral ton Altjhoujh Ihe 
Patents respiratory rale was mw greatly elevated over llwii 
ubienent -4 the lime til' adnircstoii, the minute volume of alveola/ 
Ventilation must have been Fur above not null, This hyperventi 
Inlion. by dccrc-i^ny the F, lfl of the blood, caused ihe Mood to 
he titrated along: ns normal huffier line m the directum of hi wih pH 
and low bkarKmale c once ntfjhoti. a\ vhimn hi the arrow from 
l>ivint / in fijEurc 3*/ However, point 2 i% not on (be normal buffer 
line hn| lies above il- Bicarbonate concentration oF Ihe plasma 
i Iron til tiuve been beknv normal if hyperventilation were ihr only 
cause of acid-have disturbance I Hc< cfore. the ,+ud-bave -talus al 
ptnm 2 ntiivt he a mi xed one The likely reason fur ihe component 
of metabolic ulkukniv is low ul acid hv vomiting 

Blood sample no. )>. taken ufler ms davs-of sodium salicylate 
medication. had a normal pH and tow **i and bicarbonate con- 
cciiiraliofl, Tire Brel that ihc F, 4N was only 22 mm He means that 
ihe patient had a very larytc minute volume of alveolar ventilation 
and thai respirator} alkalosis uas an import,int factor in ihe nerd- 
kive piriiern F he km conicnlrulum of bicarbonate means that 
Kive dcfh.il had developed Ho ml /Ires below ihc normal buffer 
line and shows ih.tl the lr ice deficit was aboul 12 millimoles per 
liter of blood i ombination of base defacii and ropuatoiv alka¬ 
losis brought ihe pH of plasma to its normal value 

There are four general reasons foe occurrence of hase deficit 
tn this instance 

1 Renal compensation, excretion of base, and relenlinn of acid 
mas have occurred The fuel that the pH id the urine was 
never alkaline 'inistcib that lenul eompensulion was a minor 
component or the have deficit 

2. Xddnion id lactic ansi pyruv ic acids rothe blood oFlcn Follow s 
respiratory ulhaliwt-v nFiuiy origin Because the MihwI wav rmi 
urbrly/cd for lactate and pyruvate, this possible cause of have 
deficit i anno I be evaluated 

V Salicylate poisoning m jKefl appears |o cause metabolic aci 
dovic, the means by which u dues so being unknown 
4 l ndermitri| k>h, particularIy m children, ofien enters kclcfeis 
Yl ihe time blood sample no 1 was taken Hie paiicni liad been 
rutUsemed and isHTitling For stv duos. LI rider these circurn 
stances ir is unlikely lhai u child of live would have eaten 
enough to keep up her carbohydrate stores Once The 'lores 
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had been depleted. her hod* fat would have nc* ve d a cnqjor 
mmiicc of energy. Indicated fat mclaholiMO he>ond a certain 
point rcMiJc^. in ;ut increase of kiMonc acid', m the blood and 
consequently in metabolic mnIosk 

When (Ik salicylate medication wa* withdrawn, the itwid 
base pailem rapidly returned 10 normal, I he ■dimuk^ for 
ht pcrvcmiliaion w.<o removed, and the l\ , v rose Renal nihttlaf 
rcalnorpliuci of haeurhcmaie tnenra^ed and pbsmji bicarbonate 
rove. Wnh disappearance of nniise** anil vomiting and excretion 
of rcm.imin* uhcylaie* meluboftf acidosis disappeared. 
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3 1. Th^ pM-Log P,Diagram 

In i he pH-kff P,diagram the logarithms of the partial prtwure* 

of carbon diovidc measured nt trim Hjj .me plotted as ordinates 
against the pH values ,iv It is convenient to live one- 

ock *etni-logarithmic paper in whiih the pH values arc on j 
lineai horizontal stale arid Thscr P,values are on a logarithmic 
vertical vc:dc W hen: ihiv paper is used the values tan he 
plotted without bavins to look up them lusanihntc. HofizoadJ 
It tic v on the u^iph .me isoh.ii v, and the f, Uj equals 4t> min Hg 
isobar is diawu in figure 41. 

The pH 9*. H . *utd bjcirhoiMc eoftvcntmiimn of pLn&ma me 
re bled by equation 5® (set I,I3|; 

pH * pK + Io® yi^lLr, 

ir t i.-( V 

Rearranging and dtepfinn signs. we have 

k>* t*. p* 'os m * le>g [HCO;] p - pH, i77l 

f or any given constanl value of hu.nKm.ite concentration 
Itig |HCO , Jp, is also constant Equation then reduces in that 
for a ilraichl tine 

y » A + bx. (7®) 

U\ ttii- equation 
v - lois I'm,. 

f I pA - k>g ,i ■* loji [H< Oj |* K 

6 - -I, 

and * - pH 

fherdore. when I H< (>,].. is constant at any particular value, 
there is .% line on the graph having .i slope o( I which is ike losiis 
of all oonvMnuiions of pH .md log t\ , k , satisfying equations 
and I77J. This line of constant bicarbonate concentration is, for 
ihe pH-lksg y ... diagram, the equivalent of the t\ isobar on the 
pH'bicarbonate diagram q» 
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] ip. 4^ [foe pH SO'U t\ . iIpn.pi-jiTi flip pit v.duc-, j« p^ned L>n a 

hofktwliil htle.U nil llW /*,,,, vJK pkllldJ v>n j %eftk.il 

k*£*nlhliik H’^lc JlonjiwilaJ Imri arq P,,,, JinJ lli:tl for 41) mm 

Mg i* marked The tine Ktf cwkIM vifflcrnmiKm vHT 

J' niillniuilr>> per liter i* dr.mfr. aflif the 40 mm Hy " 0^1 i* nunMd yl 
intercept'. of m hi* arKm.iie line* ot id I"*, ‘ii *D, 

urcd 40 niillimok'% pet bier 


Example { jkilkiltf The COPvUiH hkM.rKnri.ite line for 
ihe value (HC l > 4 J» equals ’5 millimole* pet liter . 

F;rjf Stttp I qu.iCinn i^ih wiih appiupruic mimenial 

values for plasma m .V 7 ’t‘ is 

'H-‘-i* + NjS 5 ®fc- 
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I n l'L tI l 11 );i e c one point when Mi i 1 j i%, 25 millimoles pef 
Inn , tlK value of 2 5 sum tig is .isximieJ for ihe P v , I lien 
the equation facenines 


“ fe. SO * lug 
-■ h .!0 + 1 . 12 , 
- 7.02 


t2S» 


rhii pistil n plot led n% point i in figure 42 

Second Step \ line having a vlopc of 1 sues ordinates 
and ^ibsiissas s»l sin yn^lc of 45 , uod sirch a line could he 
drtiVHi lliroujjh poam A, Allerrutivc r ihe line uun he fixed 
hx c»k in lilting one other point Assuming that V . ^ - f 5 
mm Hg. ihe adeufsitcd pH i* 2 J4. This K pinned as point 
H. and si strain hi line is drawn through the iim> pdns. 

Interecpis of rhe conu.ent bicarbonate awem ration lines 
uilh ihe isnhsir repreiHCoUng ,,, equals 4n mm Hp am he tal- 
v li bled in Li si mi Lit 1 - ^ h 10 m 


E x ampin ( ikuliK ihe irilereeph with the isnh.u 

representing equals 40 mm HgoC (lie lines tor coiisismii 
E-ie sit (lost j['L corn'enimuons oi |U* 15. 20. 3(1 and 40 
mi llunclo per Met 

First st$p For JHCO, |„ 10 millimoles pet liter send 

P '<> n, — mm He equation <510 becomes 


pH 


fi III + log 


fi) 

0.0 VI I l 401 - 


r> 10+ lov * V i 

= 6,10 + 0 .» 2 , 

= 7.02. 


I hi* potrtl is mafked on the isobar trt OitiliC 42 with si xtwrl 
line having a slope of 1 

Second Step The cst-lcti4.ilio<i is repealed fur ihe enhei 
hicarixHiale tonetniruiwms 


Oil, 

pH 

10 

7.02 

15 

7.30 

20 

7 , 3 : 

25 

742 

Vi 

7 Hi 

35 

7 Vs 

40 

7.62 


I fie« .<re .ill m,nkcd on [tie isobar 
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I lie data establish ifflf the normal it t - jfr.« hulfet inic ol ihe 
Wood of A. V- BIflken from table $„ sire given in utile 1 '■. ami 
ihe Sine i\ pdllcd in Figure 45. 

The skufK" ol ihe ftoffrial w vttrt* buffer line of true plasma 
i\ ,i to ik'I ion of the henvtgltrhin content of ihe blood. To show 
the evtnemc-^ the line for vcfktuled phiMita. that is, foi blood 
having zero hemoglobin concentration. h plotted in figure 45 
from the data curt tinned in IflWe 4 I ike wise, she line Tot blood 
hv.iv inki 'm grams of hemoglobin per KM ml, or I 2 millimoles pet 
liter from figure 3 * is pkrilcd in figure 4 5 





I-ip. 4i i r* inoifnuil a* i ##f*► huhep line rf 5 5 H M hLmd ^kilted h 

the pit log t',„ m Ju0jhi together kith Ifig N(Ws Toi 

(no llbi and |W Nknd ciml.iinan MV guno "1 hemogki^n jvt iho 

millililerv 
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Normal m mv ^iJ-byv^ paifrD* dricritotl in table* Iu, l|, 
.*nd I 2 are plotted i*n figure 44 from (he dal a collected in table 16, 


Table IS 




trait f Fn.ni.f V*■ 



1 

_> 

4 

j 

f' ,, lf mm Up 

KM 


n « 

:i \ 

pH 

T.1* 

7.J5 

7.*> 

7.57 



I u 44 lilt r.iritd iiffllfonMw hvs ill t' . |»H, -i clj t** 1 ** ,m 

•hltliLTl plated on n pll^tag JV lN diH^fWfD *C llWl !*■# iJcnr^i limn 
it: ibe pnnwv 
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Table 16 


p.^r 

1 

fltUr tiffin 

p 1.. 

pw 

], 

.4 

■ItiMllbll 

ikPrmM 

1‘* mm Hr 

7.41 

?4 }C -nM 1 

H 

■»* P itH 

m>rmjr 

21) 


l«.¥ 

C 

htf* P 

iKif IttjJ 

47 



D 

normal 

Kivr c it ri^ 

47 

7.5J 

H.7 

t 

Lm P,. % 

hitwr fv^fis 

2* 



f 

ht|Lh P •:* 

h«*c CHiM* 

77 

71: 

1* ? 

a 

noraml 

bn wf Jrtu.'ii 

17 

7 1« 


H 

to* P, 

biite dcfiLii 

17 

7 '4 

14 4 

i 

lii# P, .. 

hive tfefii'it 

<0 

7.27 

« 4 




f >k' I he .tew >.m ihe pH < tog P .Si.in mi *iihm i»Nk.-h norm.*! 

» JillK v 1 <11 
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Normal ranges ol s idu.es given m scchon 2.5 are 
rmm Hg>-.t5 Ij< 

pH _7 .H-7.45 

|Jir<>,|;mM pci li*ci!i 2J-2K 

(hcM.‘ form ihc famiwLincs of the hexagon in figure *15 I lw iift-us 
m the figure iff labeled: 

1 Any cundiimn represented in j. ini: filing wiihin f|*r urea 

above ihc normal P, ,, isobar fais d comivnciit rd j. 
utiihmi. 

Any condition represented h> a point falling wiilun ihc area 
below I he normal Fix* isobar Hos a component o 4 respiratory 
alkaiioi*. 

3 Any condition represented In i ponvt falling within the area 
to ihc tell of the normal pH hu-* Ion pH 

4 Any condirion represented by a pornl falling within the area 
to lh« right ol Ihe normal pH Inis iti^t pH 

?. Any condition represented by it penal falling within Ihc wilm 
above ami 1o the night of the nunnal buffer line hat a com 
portent of hair ett cjn 

K Any condition represented by h room falling Within ihc an\l 
below and io ihc led oil the nsinnal huffs-i line ha is a compel 
ncnr of fane Jefu ii 

1 he ptl-log f'ln diagram as u stand % tn fig Lire 45 coitnaim 
no oiorc information than docs the pH-bicarbonate diagram. it 
can help the physician idonify the patient's ncidb.^e .i..iuv 
fail n cannot reseal the undcrly ine causes of .abnormal pattern-., 
nor c.m it point the way in appropriate treatment 

Clinical Example I hc data obtained cm the hikxxl of ihc 

patient with respiratory atidnviy described in section 2.12 

arc given; 

Initial untreated inspiratory ,icids*si-u (point h 

pH 7 40 

P, iH bl mm Itg 

Aftci controlled respiration lpoint 2) 

pH - 7 fat 
, h 40 mm ||g 

( lie points „*rc plotted on a pi t tog F ,diagram infoittrc 4i* 

3 J Determination ol Acid-6iiw Status nl Blood 

by Equilibration with 0#»s Mixtures ol Known p ,,,, 

Appafalus .is,,ilnibk in modern clinical tahorulocic* .dlowx deter 
numdHui of ihc acid-hu.se stalus ol a small sampic of blood by 
means ol ihTfe mcasoremants 


Other way* of Looking ai tn* P/obsam 



I i(E. 4#v PiMni> describing. the avid h»ie «nlm af :* pitttnl *ilh rcspiri 
(tin udtloon t f j I re.tied with cow rolled respiration i 2 k Secieclkm M l 
for de^lk. 


1 The pH nJ ihe blood sample in. Jrawn from the subject is 
me;iMired This U, in effect. the pH trf the plasma,* 

2- A sample of the MtxxJ is equikibiaicd wiih a jeiis mixture 
saturated with xtutei vapor and conlitmft$ a k™„ precisely 

knoun percentage of carbon dioxide and enough mjgen to 

v.k|unite the hcmoghibui. The pH of the equilibrated blood 
is measured. and the barometer is read 
J Another vimpk ul the bh*d n eiiiulib rated with a icas 
mixiiiic saturated uiih Kaicr sapor and containing a high, 
precisely known pcHenWiee nf cai+ron dioxide and enough 
oxygen to saturate the hemoglobin The pH or (be cqor 
tthralcd Mood is nieasured 

The npiMT'.iius is budi so that all delcrminaucHu can he 
m.uli at normii! lnxL temperature, 1_! C , oral ans temperature 
corresponding to that *sf the jndienl uridet studs. 

f tom ibesc dam Tire /*<, i, arid El u- bk arNsnate uinccnlm- 

J WNn pH ilntfmkubw ale oMfc un duh MpeiI, 'hr rll **»■ 
!,ni*cd H ihM if urn 'lit-blk rrp■J-iTSt^.i b* (wevt--+^< id frythiSN'yrc'* 

TW* i* t*« Iycum* cf % iKrti+ >fc* a9«t Ihe pH ft pt^u"*, Nm e b traut 

the> iffetl ilv ut**»uf«Ttn T.‘ ISffipUjlnHi irf mlhkC|ll JfUlctir* ill l&c liquid 
Itfl *rnc: n HhlhI ht J ihf -HiM-lJ ^hJulMk v.^ul**< ."ikiLimi 

i-kt'iih:;J .iin- i «r»>i- s ib.- rvlertfflis* drCf'-iNlf ,i(!j\h the iuiunu jmu - uJ 

Ifn lni< p»l t4 | 4 |u|ih |\ .-v+ir mi I pH lift *i i ^ • rf* Om IM iru -minra ■« 
v, If-.; Nond, N lie drffwrkf is uwiill) kuRirrd Vr Si|tn.irit \iOtrv«. 
I’lftl. .tiUn/ } n«. fwu’*l. 1 " w 















3 * DflterminaHOn of Acid-Bust? Slatus 
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lion ul the pluxrM tMf the iKri^iii.il Mi^xl tan he e.dt wilted ^ 
pH*k>£ 7 \ , H dhyiaiti !■» |%iriiLiil.irly useful for this purpose. 

Example 25 . the pH of ,, virtrpk wf hlnnd rwastired ;ii 
lTv C» it 7,31, Determine <he Pm, and ihe fifasmii bicar- 
bon.nc concemraUan 

First Stop Ihe hknd ^ eqwii^ruicU hi J7*c wnh u yus 
mislure containing 2.htv\ : cartoon dio.tide and llK-hji 2^ r . 
ovvfc n. the prevailing; hammclrk pressure i /\» ?4% 

mm Hf Ihe pH of iht blood. meaMircd ,it .17 i , is found 
1o be 7,32 

I he F .,, of Ihe equilibrated KIihhJ is etikul.iled. 

- f', M,»I^ t 0,1/100. 



«|iiiiHht.i1kin w, ith yii\ ihunn;' hjvinc kltimn f* "» 
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The vapor pressure of wafer at 3? i n -I' ttim Hit. 

P - >74* -47i.:.w,i. 300. 

— IH.5 mm Jit. 

I he point representing ibis equilibrated sample is pkuted 
at I on l he pH k>|r P<n* diagram in figure 4~ 

Second Step \mrthcr cample iif the blood! is ciHUiilihraicd 
at *7 < wilb ag.is niintti/e con laming 4.11 r , : carbondioxide 
and a ho ul 2? f * oxygen, 1 he f\. H is fi5,W nun Hf I he pH is 
found to he T.Ot 1 he point is plotted al W in figure 47. 

Points t and H an; Iwo fit m ru^ nn ihc cvpcri menially 
Jetci mined in riiro butter line of this petition I nr sample of 
Mood Since ihe buffer line is essentially linear over ihis 
pH range, a straight line drawn through the two points gives 
the .utu.il inr vitro buffer four of the blood 
Third Step the pH id the ttriginiii > .mplc was 7.23. A 
serliL.il ine drawn al llie pH mlmiMs the NilTei lir*c ^ 
point I. I 'he liofi/onMl t\ Uf isobar passing through this 
point is that of 27,5 mm fig f his is lbe P,, kt of the original 
bk*ud sample 

Fourth Step, the plasma Nearhon.ile conceal ration of 
the original sample can be Jetei mined m two *vOs 

Sutaii lotion of the known values in the equation 

— 


gives 


7.21 


I 13 

anility I 13 

|f« <»,lr 


6, |t> 4- tog 


(I OMH (27.51' 


foil 


Huo-.j, 

0.S7K ' 


IHCOtL i(l.82«> 13.3. 

IV.' HI H2K 
112 tn V] |. 


A he i natively, the line ot eon slant biearKuiaie con¬ 
ceal nil ion on which poitil t lies can he tkierrmned by 
drawing a line having a sk>pc of t itifinigh poml / and 
by reading Us inter ve pi on ihe t \equals -10 mm Hg 
isobar SikH n Imc gives an intercept i point < i at du.in 
19 inM 1 . 

The priced me t*t equilibrating the blood uflei it is drawn 
from the tuhjeci produces an add modal datum-the slope of 
I he in vitn i buffer line of ihe Mood This Up pc is chiefly si function 
of the conccndHiisHi of hemoglobin. Hie procedure docs noi give 
the dope of ihe buffer line tn vrio. which ii> addition to King 
affected by the concentration of hemoglobin is al*o a funshon 







3 3 Th« CO.- Corri&ininy Power 

of the volume of intcrvTin.il fluid .mil of body buffering 1 he 
re ukt must remember the description of the differences between 
ihe *lope nf the buffer line me'^sirred in vifrw amt the actual slope 
of the buffer line in mvi contained m section 2 t 

3 3 Quantitation qt Ibe hi diabolic Component 

Th£ Carbon. Dioxide Combining' Power 

\t the beginning cH the twentieth century when the principles nf 
acid base chemistry were being devclopcil and applied ludiincid 
problems the only metht*l generally available was mne Tor mea¬ 
suring the total Carbon dimvide eontenl of plasma Abihiy to 
make accurate mcuMireriieni of pH wav confined to a few adept* 
in the hevl research laboratories I he av id have stains of a patient 
ii the i e suit uni of at least («o processes one respiratory and the 
other metabolic and two measurements arc required in deter 
mine the contribution of each Physkdogical chemists thought 
Thai if the effect of one the rcvpir.Mory component—could he 
eliminated, a iingle measure me til. ol plasma carbon dknidc coil 
tent could allow evaluation of the other the metabolic com 
fKincnt. I n meet this need Van ^i>ke and i ullcn i I 1 *! ?. / tin'! 
i hvh r 3tJ.2K^l onenled the concept of ttifbtm i hand* r ,i«i 
hitting ptvn'fr 

DdetnHimtiofi <vf carbon dior.uk combining power has long 
been supciceded by far belter methods in good Iahnrutones, hut 
because IK determination is Mill practiced in Some hospilaK, the 
student must understand whar information il affords 

f or measurement nl carbon dtmuik corobtniiq: power, 
plasma is separated from cryihrt>vyies It is iben equilibrated 
at hodv temperature wilh a gas ftlivliite having a I\ , ml 40 mm 
Hju, and atlet equilibration il is amity r ed for its (oral carbon 
diosiiic content because |hc plasma had Keen equilibrated with 
carhop dioxide at 40 mm Hg ju*l before analysis. iK concenlra- 
lion ml dissolved carbon dim vide is 1.2 cnilltmoks pci lilt? Sob- 
tractioit of 1 2 from the loud cajrbon dim vide oofXciH of plasma 
expressed m millimole- pci filer gives ihe taciohoitatc coiwen 
Ir-uinn of ihe sample I ho is (he carbon dioxide combining 
power. 

Hquilrhfatton ml ihe phtsma wdh a gas rnivlure having a 
f* hi, of 40 ruin He the normal value, wa.% designed to eltminmle 
the respiratory component by restoring (he sample analyzed ui 
the normal l\„ I hen the difference between the observed 
bicarbonate 1 concern ration and the normal bicarbonate Conceti* 
(ration of 23 to 2K millimole* per liter is a measure of (be meta¬ 
bolic component 11 l he carbon diovtde eunvbminy power is 
Cftolcr than UK millimole* pet liter, at lemst one component of 
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she patient's acid base pattern is base excess. aiid tl«r tiiajiinUnJc 
ut the difference a> a lough nicdsuie of the seventy erf the hast 
niciii. It the carbon dioxide combining power is k>wcr t-huin 
2* millinwfces per liter, there is wnx degree of Kiic defied 
prevent. and the m.igmtud« of llic difference allows an estimate 
of Us severity. 

Defer mi nation of carbon dioxulc combining power contains, 
in -iJihtmo to Sis liability lu .irmly tkul error, a theoretical error 
which tubs it ol mme u1 ill quantflulivc accuracy .is a measure 
of the metabolic component Plasma i\ separated from erythm 
eytes before it is equilibrated with the gti* mixture having a 
ltt of 4 ft mm Jig ( orvsequently, the plasmais -spanned pLomu, 
and the slope of the line it foltewy dining equilibration is that ol 
the fl.u buffer brie of separtired plasma. 

Kcsulis of equilibrating. separated plasma ue shown in 
figure 4K I he carbon dioxide combining power might be fooiul 
Id hr that represented by point A. Ba.se excess is present, and 
the acid-base portent contains a component of metabolic alii a- 
loos Ric plasma mich: original!) have had a low as shown 
by the rightdunJ question mark. or it might h..vc had u high 
. as shown b> the left-hand question nkui, tn eilihri case, 
during equilibration it moved along the buffet line of separated 
plasma ui reach point I 



■pM 

1‘miihi rcjxrsi'tiiim dhrurtunrci in Kiil-tuu patiein of the 
Wish! Im illustrate the mraninu ol carbon dinoifc eonviyiniug power 
im-asiired aflCT eqilllihr.itii'n uf separated phona with 4 gas it*, hi lire 
hiUHig n i \. , of *n mm Ht Pnmi f gives the standard hkjrtHwiate of 
the blind uii|fi«Mlty at prniw ft 
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Hit difference between equilibrium*; vcpu rated iind (rue 
plasma is shown at ihe hsHinm of figure 4 K. SuppHu that ihe 
simple of blood taken i% ai point It If the Wood is equilibrated 
before plasma is removed, tile Mood wilt folium rhe slope of the 
normal NmTer line of mie plasm* during equilibration, am) the 
carbon dioxide co tnbrnihp power will he found to he that repTc 
sealed by fxum f If plasma is equilibrated .itiei icrnoviil of 
erythrocyte*. the plasma mil follow tin: skip* of the hutfei line 
of separated ri.hm .1 during eqiiilihi,UH>m and the e.tftvcn dioxide 
Combining power will be found m be that represented b\ pviint 
ft I he point* differ by several milhmote* per liter, and the error 
H tn p>.wni i> because separated plasma was trued 

Measurement oi carhop dioxide Combining power gives an 
approximate estimate of base etcett or hate deficit *tiq| it goes 
no infnrrmrliofr whatever about the respiratory component of 
the .w id have pallcrn 

3 4 Quantitation of the Metabolic Comporvent 
Standard Eh cat bon alt? 

Situuliird hkurbomne is the bicarbonate concentration in milli 
moles per liter of pfaymia of whole blood w hich has been equi¬ 
librated in < with a £us mi Mure having a P,,.„ of 40 mm Hg 
Hue procedure off bringing the whole blood sample In a P, ,. 
of 4b mm Hg before ihe buaihonaK concentration of plasma is 
determined ivoids the error which equilibration of separated 
plasma introduces into ihe carbon dioxide combining power. 
Point t in ligure 4b is ihe standard bicafhoit.ilc of ihe Mood 
whose original status is represented by point ft I He superiority 
of standard bicarbonate over carbon dioxide covnkning power 
ts [hat dc Termination of standard! btcarhOnale involve' ihf use 
of ihe true Ntfci tine of the blood 

It is not necessary nj bring [fit blood to u P ,, u of 4(1 men I Ig 
in order In estimate the standard bicarbonate. Standard tHCar- 
boriatc can he deleimined it the blood is equilibrated with Iwu 
y.iv mill me s having known P,, V y sample of blood is drawn, 
and eK pH is measured at HI bract inns of the blood arc then 
equilibrated at l 7 t wilh tWu c.t- rili\ 1 iires, oiie hastng .h known 

low P jrvtl the other h.Ainjj a known high P ... I he pi I of each 
equilibrated sample ^ then measured I his is the proecduie 
described in example 2^ whose results are pkilled ifi figure 47. 
Measurement of pH ai two known P. , H ’s establishes the m vrlro 
bullet Inur lsI die Mood beinii smditrd The point at winch iIia 

*$uniJuil Murkiialr 4(ltic<l b k J*ti|?rhS£ri asl l‘ Uarup A' 
S i «-a J I <Hii | »!■ (lllfif, 'I |,* 
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Pi(f 49 T>K Oat,! friKn evimpk 2* planted un « pH'hkalWuhtlr 
4&4gmm Id show the determinLUimi uf ".lanJ.inJ I*?* .ahtwiulc ami e*rt*wi 
Jwiddc iflmitiioini! po^r* i r , -' , ini 2! 


Hnffcr line ihc §\ u equals -lit mm Hj: isobar in ihe 

n l. * u-J ji il hit .irHon.ttc 

Example 26 Ikinnitnc ihe stand aid bn ..irhonaie from 
Ihc dal a in example 25 

Itie dal-i Intel her a ith ihe calculated bicarbonate ton- 
icnmihons arc uivcir in table I" Ihe point* are piloted on 
j pH Nenrhoiuilc digram in I'nsurc 49 

I he m ttfro buffer line of the blood connect* points 
I ,md ft . and it cius^s Ihe f\ equal* 40 mm tie tMihtr at 
a hk-iriioftiic mrivtfitiainm of 15 2 millimole* pc* filer. 
I hi* u Ihe -t.unl.ird hicartamiile 

\ line is drawn through ptunl / parallel lo lhe buffer 
hue of sejKinsed pl.tsmN 1t mtciscvts liic equal* JO 
mm He isobar at 12.2 millimole* per hter 1 his is ihe tu/bum 
dioxide eombifitn* power, ansi it differs from the Uuixliid 
bkartKinaie hi Hi millimole per litei 










3.5 Tr* B*sn Eac#sa Scale 


M3 


Slumlord bicarbonate cmI be determined by means of :i 
pH-k)g P. h diagram The psunis m example JJ arc plotted in 
fifpire 47 The buffer fine crosses the tion/onial / h , ,, equal* 4ff 
min Hit isobar at a pH of 7 I <1 as shown hv point /> 1 he hicar 
bonule v once m ration. determined either by calculation Off by 
reading the hii.irboHrmie scale already mailed off on the isobar 
Sttv** ii standard bicarbonate iff I millimok s per liter. 

I he bicarbonate concentration ccnvspomtiftf! to the point 
at which (he buffer bra: of any blood vim pie crosses (he P a>r 
CtJUiih 44J mm Ht »har tin a pH lujj P rUl diagram is the standard 
Ncutborwta of that sample therefore, the standard bicarbonate 
can be read from the scale narked on the isobar. 

Standard bicarbonate measures ihc metabolic component, 
and it achieves what was in ended by ihc carbon dioxide coni' 
billing, ppwci it ts j incisure of I he acid kite vl..liis whu.li 
eliminates ihc contribution of the respuakny component In 
measuring the metabolic component, it does not tell whether the 
deviation from normal is a cause or an effect oi whether the devi¬ 
ation is the lesuli of a smcle process or a mixture of processes. 

3 5 Qua nidation o' the Metabolic Component 
The Bo&e Excess Seale 

Base excess is [be hose s oik cotillion expressed in nulhcquivu- 
ienis per liter measured by utranon of a funicular sample of 
Hood at M ’< with strong acid (IK I or its cqiiiv.dcnl)lopH 7".4X1 
at a P ,,. of 40 mm Hjj. hit ncplive values the till af ton is cari icd 
our with vtronj: base cNaOH or ns equivalent* to Ihe same end 
point Base excess measures both standard bicarbonate and the 
base la ken tip ur feroen off by blond buffers when the NikkI moves 
front its normal potni to its new- condition. I here fore, the numer¬ 
ical value of base excess depends, upon the in vttrr* hulfcr value 
of the blood herns studied, and the in i-i/ro buffer *,i>ue of the 
blood in torn depends upon its hemoglobin content 

The argument developed in sections 2 2 and 2.1 shows that 
if the buffer line of blood i* parallel to the normal buffei line on 
the pt I-bicarbonate diagram. base exstss can be measured by 
ihe vertical distance between the two line* If the lines ne not 
parallel, the measurement is to hwh-c extent ut error The error 
can he reduced by adding to the pM-htcarhunuie diagram abase 
excess scale xonxtriKled from experimental obsti vaitonx which 
eliminate Ihc effect of variations i n buffer value of the hltssd 

Vl.arnal in ihn itsUmu lriUnfhn*0 S^urnl- tmterun MU k Me*I 
pif.u, / t flu { ah /aivir i I' iMi.| fmirn O Viiyidnl-Aishrst • 1 

Vi MiWf. /. i'fm hik /nv/O. ml |S. topft Xi (KrpmlwMj In jtcrAmsio* i 
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Tabid 1ft 
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V'l U » (nim !K” Jjfl* of SlfgUlftf-^•ilCTvin ,in.1 I n^l, 

/, r.Vrt / .ifr J'rt*. - Hi- lJ: ITT i (Uprated by pernniMeft j 


\ s.+mple of htood no txive true** oe detail is tji’ 

t.nned frtim ,i ryornMl human subject Pan of ihe blood is teniri 
fused to provide .1 supply of sep-t ruled ptasnm. and I he rest of 
tlie whole hkuid sample is s_ v v ed. Two p.is mixtures „itc prepared, 
one having a precisely known Hugh P, ^ .md ib< other hsuinn a 
precisely known low /Y,*. In the example unen in luhle IK ihexe 
P ., /& jire bb ii H ind 2HT mm Hu 



4ft if 


f.l 11 


I it Ml. t umllucliori of Ihv base cut- > ve.ile art n rtf hivarbocwilc 
diiiiinnn Wuplcd from I be diiE-n.it Si^ard VlKkr-cll vrid f npcl, I 'lbtl. 
,Vi ami. J I hn. irivrit. 12:1" ‘ \ Rtf reduced h> pfrm%MOft I 


















3 5 The Ba&e Excm Scale 
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Base excess of exaclU know n degree iv produced in simplex 
H wl!t*te blood and separated pLom.i by addition ml poLosimn 
carbonate In The exuntple tfixen, shiv *.*, | 5 millimole* pci liter 
of plasma or blond tacli sample of whnk hhhKl or plasma is 
divitlftl <n!u two part*. One Simple of whole blood is equilibrated 
m 5“ t with ike mixture h-oiiiji, j p .,. u-r Ah o mni Up. and 
the mhei ts ciiLiilihiated with ihe jins mixture having ,1 
-H mm 11(5. I he pH of each sample is iiten-nurcd. .mil it* plasma 
bicaibonate concentration is cataiUied I his procedure ikici 
unites pomls i amt 2 on ihe buffer line of blood having a base 
excess of milFirmiiles per litei, The poiniv are plot led in figure 
50. and it stt .nnlil line is drawn Ihiougti them 

Ihe samples of plasma hosing the same base excess ol 15 
unbimofex per liter are also equilibrated Ml J7*C with (he sittar 
pus tnivcure*. The pH iif e.ich sample is meavioed, *1*1 the pL.vm:i 
bicarbonate conccrii ratio ns aic calc nf.iied I his gives points J 
arid 4 on the buffer line Of separated plasma basing the known 
base excess E he points are plotted in figure 5O. and a straight 
Find is drawn l hrouch them, 

T he (wo puinls intersect at A. Suite this pointts common lo 
the buffer line of plasma of whok blood containing htmof Mh n 
and lo the buffer lane of scp.irated plasma, it mu si be the one 
poioi L>n the graph represenling a base excess of I 5 millimole* pet 
liter w Tilth is independent of tlx hemoglobin ^ ontcnl oftbc blond. 

Fix hiilfer lm e: rrf unx sample of blood having the same base 
excess. no matter whai «is hemoglobin concent, must p;ox through 
ibis point The point liven establishes ihe point representing 15 
millimoles base excess on the base excess scale. 

Table 19 
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Other Ways ot looking a! the Problem 



Tip *J Ihe hjtf exutw iculd I'Mici'J i>f» j pH Jojj IV,, digram the 
J itj Nrr th-c blood pit J [Uliefil exhibit me meJibohv ^idofix descnbcij 
in example l*< t *-G\ 3, f. .ire pk*Ucd Nr shun ib<; I he bill* deficit is. 

N ml t} I. I he lJj.i horn ubic I 1 ittiUjnfJ an .1 aurn.il nun hr per 
M ritihitini: and 1\reurhmc curtvn Jinn hIc after taking sodiu m bicarbwvue 
.4iv plotted ipoinir I*. / nod / i in vhm» that Ihc bine excess i> 13 mt q I 
S v :il.,- .i.l.ipieii from I.t.il.i al Xrtdrtsen mid Fn^el. 1 l >r>l' X aitJ 

I t'hrt /.III" /mnr I? I^T. iRfportlltfd H 1 ! fftmmtiw 1 


The process is Kpcnied with uhalc blood uinl s* parried 

nI■•-'!!'-« Simpie* COnlaniilijj .Ilhvi tktflCcsof K.s,- 0.1- .I rhe 

base cuei'i scale 1 * plotted I he second set of data in fi»bk IX 
were obtained with blood tuv ing .1 ku,e del Nil of 1 * niilhniok-s 
per bier produced by adding, hydttxholonc acid to whole Hood 
or to separated pl.^rn.i The two buffer bnes iriieisesi at point H 
winuli establishes (he 1^ millimole* per lifer point on the b,ise 
excess sc *W I he cooidiitalex of the scale arc jjixen in table l 41 
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3 5 The Bas* E*cess Scale 


! hi' h ise c\c %4iilc Can ..K.> In- pU'tud on the pH kij! f, . 
digram ill, shown in %urc *l In lh.ii figure ihe hh>Hl hnrtVf hues 
are plnikd from example 19, seclhm 1.4, amt from rv,iinpic 3*, 
section 

the manipulation^ hy lAhicti stamlard biLarbonaic „ti»d h t ,\t 
cvcess or deficit are dcicrmirwd are performed on KIixkI after ii 
hii\ been withdrawn from the subject, then dcictiramitiun nun 
.ism st the physician in identifying and quaniii^lmg ihc acid-bnse 
statu* of hi^ p-ilicnf. but they CudnnOi substitute for his sound 
understandm^ srf rhysiotojtkjil principle-- 
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